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Preface to the Fifth Edition 


Thii book eims lo give siudeoci of engiiMenag m thorough groondiog in the 
subject of thermodynamics and the design of thermal plant. The book is 
comprehensive in its coverage without sacrilkiog the oecessaiy theoretical 
rigour; (he emphasis throughout is op the applications of the theory to real 
processes and plant. The objectives have remained unaltered through four 
previous editions and conlipuing inierest in the book not only in the UK but 
also in most other countries to the EngUsh*speaking world has conhnned these 
objectives as suitable for students on a wide range of courses. 

The book is designed as a complete course text for degree courses in 
mechanicaU aeronauikal, chemical, ensironmentak and energy engineering, 
engineering science, and combined studies courses in which thermodynamics 
and related topics are an iraporunt pari of the curriculum. Students on 
technician diploma and certificate courses in eogineenng will also find the book 
suitable alth^gh the coverage is more extensive than they might require. 

A number of lecturers in universities and polytechnics in the UK were asked 
for commenu on the book before the fifth cation was prepared; the consensus 
was (hat tbe balance of the hook was broadly correct with only minor changes 
needed> bui a more modern format was thought to be desirable. 

The fifth edition has therefore been com^tely recast in a new style which 
will make it more attractive, and easier to use. The opportunity has also been 
taken to rearrange the chapters in what seems to be a more logical order. 
Throughout the book the emphasis is now on theeflective use of energy resources 
and (he need lo protect the environment. The chapter on energy sources, 
use and management (Ch. t7k has been improved and extended; it now includes 
a more extensive coverage of combined heat and power and a new section on 
energy recovery, Including a brief mention of pinch technology. The material 
on gas turbines, steam turbines, noxiles. artd propulsion (Chs 0-10) has been 
rewritten In a more logical format giving a more general treatment of blade 
design while still stressing the differences in design procedures for steam and 
gas turbines. In the chapter on rtfrigeration (Ch. 14) more emphasis is given 
to the heat pump and lo vapour^absorptlon planL A new section on refrigerants 
discusses lire vitally important question of the thinning of the 02 one layer due 
to CFCs; examples and problems in (his chapter now use retrigerant I34a 



Pr*fae« to th« Fith edition 


instead of refriiefani t2. and ubles and a reduced scale chart for R 134a are 
included by permission of ICl. Analysis of eahaust gases, emission control for 
(C engines^ and the greenhouse effist are also included. 

A new sign conventioo for energy transfer across a system boundary has 
come into general use in recent years and has therefore been introduced in this 
book. The convention is lo treat both work and heat crossing a boundary as 
positive when it is transferred from the surroundings to the system. Also, there 
has been an international agreement to standardize symbols used for heat aod 
mass truDsfer and the symbols in this teat have been chosen accordingly. For 
example, the symbol for heal transfer cocfficieni is a. that for thermal 
conductivity i. that for dynamic viscosity t. and that for thermal diffusivity k. 
Molar quaniities are now dislinguidsed by the overscripi, *. Thanks are due to 
Dr Y.R, Mayhew for many helpful discussions on the use of physical quantities, 
units, and nomenclature. In the chapter on combustion fCh. 71 the section on 
dissociation has been rewritten to conform with the use of a standard thermal 
equilibrium constant as tabulated in the latest edition of Rogers and Muyhew's 
Thermt*Jyiiamu and Transport Froperties <4 Fluids. 

White preparing this new edition I have been ever conscious of the loss of 
my co-author and colleague for so many years. Allan McConkey, who died 
just after the publication of the previous edition in I9S6.1 would like to dedicate 
this edition to Allan with deep affection and gratitude for a long and fruiifui 
callabonilion. 

TDE 1992 
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4. 


cnibalpy: fuaiUnenu] dimemion of heat 

hydrocarbons 

enthalpy of reaction 

specific enthalpy 

spedhc enthalpy of reaction 

molar enthalpy 

molar enthalpy of reaction 

tpecilic enthalpy of a saturated liquid 

specific enthalpy of vaporiiation 

speciAc enthalpy of a saturated vapour 

electric current 

internal combustion 

intensity of radiation 
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indkaied power 

current density 

radiosity 
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equilibrium constant 
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iseolropic indea for sieaot; Made velocity coefficient 
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length: characteristic linear dimension 

fundamental dimensioii of mass 
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mass flow rate 
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number of transfer units 

polyiropic index: amount of substance; number of cylinders; 
nozzle arc length 
octane number 
perimeter 

performance number 
Prandtl number 
absolute pressure: blade pitch 
mean efimive pressure 
brake mean cffMivc pressure 
indicaled mean effective pressure 
pressure loss 
heat 

rale ol heat transfer 

rate of heat transfer per unit area 

rale of heal transfer per unit volume 
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MomAAelMur* 


R ipedfic gas coniunt; ihermal resistance; radius; ratio of 

ihermtl capacities 
R molar gas constant 

RF Kheai factor 

Re Reynolds number 

r radius: espansion ratio 

r, pressure ratio 

r, compression ratio 

S entropy; steam consumption 

SI spark ignition 

St Stanton number 

s tpeaAc entropy 

sfc tpedAc fuel coruumptlon 

7 absolute temperature; toniue; rundamental ditneosioo of 

time 

TDC top dead centre 

I lempereluie; fundatnenial dimeniion of temperature: blade 

ihickness 

&t t em perature difierence 

df true mean temp e r a ture difference 

df, njithmetic mean temperature dlRerence 

df^ logaritbtnic mean lemperaiure difference 

U internal energy; overall beat transfer coefScient 

AU internal energy oS reaction 

u specific internal energy 

du specific iolcmal energy tff reaction 

u molar internal eixrgy 

dd molar internal energy of reaction 

V volume 

i' rate of volume tow 

1 specific volume 

W work: brake load 

W rate of work transfer, power 

X temperature on any arbitrary scale 

X dryneu fraetioa: nozzle pressure retie; length 

Z height above a datum level 

i number of stages 


QrMk •ymbolt 

a angle of absolute vdodiy; heal transfer coefficient: 

absorptivity for radiation 

9 blade angle; coetficieni of cubicil expansion 

•/ ratio of specific heats, e^e, 

6 film ihkknea 

A degree of reaction 

t emissiviiy; effeettveoess of a heat exchanger 
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NomtAClatur* 


■7 cflkieQcy; dynusiic viscosity 

K Ihennal dUTusiviiy 

■I ihermsi cooductiviiy; wivdengih 

r kbeinaiie viscosity 

P dtBSily; reflccijviiy 

e Slefu-BoltzmaoD cosiuuii 

T lime; shetc sliess ia a fluid: iraiutnuiiviiy 

^ reittive hunidily: an|k 

(t> speoAc humidity: solid aafle 

peroenUfe saturation 


Subscripts 

AS air slasdard 

a dry air; aimospbenc: aiioaft: absolute velodly 

ai absolute velocity at inlet 

ae absolute veladty at sail 

B Hack body 

BT brake Ihennal 

b blade velocity 

C cold fluid: compressor 

c condensate: convective; critical value; clearance 

d dew pomt: diagram 

DB dry bulb 

e exit: exhaust 

F fin: fluid 

f saturated liquid; fuel; film; flow velocity 

l£ change of phase at constant ptessure 

g saturated vapour; gases 

gr gross 

H boi fluid; high-pressure stage 

hp heal pump 

I intercoolCT 

IT indicaied thermal 

I inlet; a coeslituenl in a mixture; inside surface; iatermediate; 

indicated; mah point; injector 
j mesh point: jet 

L low-pressure sttge 

M mecbenical 

m nteen 

mix maximum 

min minimum 

N nomia] 

net net 

0 stagnation condition; overall: outside: rero or reference 

condition 
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P produci of combustion 

p constant pressure 

K reactant 

r radiation; relative vclodtj' 

ref refrigeration 

re relative velocity at exit 

ri relative velocity at inlet 

s iseniropic 

s vapour; swept volume; stage; steam 

T throat: tuibioe; total 

V volumetric 

c constant volume 

WB wet bulb 

w water; wall; whirl 

A monochroinatic value at wavelength, i 

t radiation at angle, p 

eo, polyiropic compreasioo 

cc, polyiropk eipartsion 
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Introduction and the First Law of 
Thermodynamics 


All hving lhin|s depend on energy for survival and modern civilualions will 
conlinee lo only if eaisiing sources of energy can be developed lo tneei 

the gro^hing demands. Energy exists in many forms, from the ^ergy locked in 
the aioms of mailer iiself lo ihe intense radiani energy emiiied by the sun. 
Many sources of energy exist; many are knottn, some perhaps unknown; but 
when an energy source eabis means must first be found to transform the energy 
into a form convenieot to our purpose. 

The chemical energy of combustion of fossil fuels (oil coal gasL and waste 
I agrkuiKuniL industrial domestic I is used to produce heat whkh in turn is used 
to provide mechanical energy in turbines or reciprocating engines; uranium 
atoms are bombarded asunder and the nuclear energy released is used as heat: 
ibe potential energy of lam masses of wai^ is converted into electrical energy 
as it passes through water turbines on iis way from the mountains to the sea: 
the kioeiic eiMrgy of the wind is harnessed by windmills to produce eleciricity; 
Ihe energy of the waves of the sea is converted into electrical power in floating 
lurbioes; the tides produced by the rotation of the moon produce electrical 
energy by flowing through turbines in large river esiuanes; hoi rocks and 
irapped liquids in ihe depihs of the earth ace made to release their energy to 
be converted to electricity: the immense radiant energy of the sun is tapped to 
heal water or by suitable device is converted diracily into electrioty. Figure l.l 
shows the various energy sources and the pouiMe conversion paths with the 
more important transfers shown as bold lines; more information can be found 
in Chapter 4 of ref. l.l aod the bibliography therein. 

Applied thcmodynamki is Ihe science of the relationship between heat. work, 
and the impenies of systems It is concerned with the means necessary to 
convert heat energy from available sources such as fossil fuels inio mechanical 
work. A Htas engine b the naoM given to a system which by operating in a 
cyclic manner produces nei work from a supply of heal. The laws of 
thermodynamics arc natural hypotheses based on observations of the world in 
which we live. It b observed that heal and work are two mutually convertible 
forms of energy, and this n the basis of the First Law of Thermodynamics. It 
is also observed that heat nesar flows unaided from an object at a low 
temperature lo one at a high temperature, in the same way that a river never 
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flows unaided uphill. This observation is the basis of the Second Law of 
Thermodynamics, which can be used to show that a heat engine cannot convert 
all the heat supplied to it into mechanical work but must always reject some 
heat at a lower temperature. These ideas will be discussed and developed in 
due course, but first some fundamental definitions must be made. 


Heat, work, and tha system 

In order to deal with the subject of allied thermodynamics rigorously it is 
necessary to define the concepts used. 

ffearis a form of energy which is transferred from one body to another body 
at a lower temperature, by virtue of the temperature difference between the 
bodies. 

For example, when a body A at a certain temperature, say 20°C is brought 
into contact with a body B at a higher temperature, say 21 'C, then there will 
be a transfer of heat from B to A until the temperatures of A and B are equal 
(Fig. 1.2). When the temp era ture of A is the same as the temperature of B no 
heat transfer lakes place between the bodies, and they are said to be in thermal 
equilibrium. Heat is apparent during the process only and is therefore transitory 
energy. Since heat energy flows from B to A there is a reduction in the intrinsic 
energy possessed by B and an increase in the intrinsic energy possessed by A. 
This intrinsic energy of a body, which is a function of temperature at least, 
must not be confu^ with heat. Heat can never be contained in a body or 
possessed by a body. 

A system may be defined as a collection matter within prescribed and 
identifiable boundaries (Fig. I.3k The boundaries are not necessarily inflexible; 
for instance the fluid in the cylinder of a reciprocating engine during the 
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expansioD stroke may bo defioed as a system whose bouodaiies are the cylinder 
walls and the piston crown. As Ibe pisioo moves so do the boundanes move 
(Fi( 1.4). This type of system is known as a closed system. 

An open system is one is which there is a transfer of mass across tbe 
boundaries: for instance, the fluid in a turbine at any instant may be deAned 
as an open system whose bouodariea arc at tbows in Fig. 1.9, 
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Tbe prtisure of a system is tbe force exerted by the system on unit area 
of its boiuidanes. Units of pressure are. for example, pascal. Pa (where 
1 Pa ■ t N/m^k or bar: tbe symbd p will be used for pressure. Pressure as 
deAned here is called uhsofuir prtssurt. A gauge for measuring pressure (a.g. as 
shown in Fig. I.6(i) and l.6(b)k, records the pressure nbove itmospberic. Tbb 
is called aouge praam, in. absolute pressure equals gauge pressure plus 
atmospheric pressure. 

The gauge shows in Fig. I.d(b) is called a Bourdon gauge. Tbe absolute 
pressure of the system in a closed dhptical section tube forces Ibe lube out of 

Fig. 1.4 Two diflerenl Suirauotefi Surroundinii 

preuure gsuges 
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posiliOD against ihe pressure df (he atmosphere. The tube's displacement is 
recorded by a poioier on a circular scak. which can be calibrated directly in bars. 

When the premre of a system is below atmospheric, it is called vacuum 
pressure (Fig. I.7UU 

When one side of a U*iube as completely evacuated and then sealed, 
the gauge will act as a baromttcr and the atmospheric pressure can be measured 
iFig. l.7(bl». 


Fig. 1.7 Vacuum 
pressure and baromeinc 
pressure 
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The gauges shown in Fip l.6<a| and 1.7(a) measure gauge pressure In mm 
of a liquid of known relative density, and are called manometers. 

For example, when water is the liquid, then 

1 mm of waicT ^ 9806.65 N/m* *9.81 N/m* *9.81 Pa 

where 1 of water weighs 9810 N. say. 

Mercury (Hg) is very often used in gauges. Taking the relative density of 
mercury as then 

I K 1X6 X 98tON/ni*- 133.4 N/m’- [33.4 Pa 

For a sinple iouoduci>on lo maoometm and pRs*uK meaauremenl. we ref. 1.2. 

The specie votwne of a sysleni is the volume occupied by unit mass of the 
system. The symbol used isi'aiid the units are. for esample, tn‘/kg. The symbol 
y will be used hr volume. INoic that (be specific volume is the reciproca] of 
density.) 

Wmk is defined as (be product of a forte and the distance moved in tbe 
dicta ion of i)k forte. When ■ boundary of a closed synem mores in the direction 
of (he force aaing on it. then the surroundinis do wotk on the system. When 
the boundary b moved outwards (he work it done by the system on its 
surroundings. TTw units of work sre, for example, N m. If work is done on unit 
massofa fluid, then (he work done per kitogramoffluid has unilsofN m/kg. 

Work is observed lo be energy in transition. It is never contuined in a body 
or possessed by a body. 

Heat and work arc both iransilory energies and must not be confused with 
the intrinsic energy possessed by a system. For eiample. when a gas contained 
in a weil-iagged cylinder (Fig 1.8(a)) is compressed by moving the piston to 
the left, the pressure and tesnperaiure of tbe gas are oinerved to increase, and 
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hence the inirinsK energy of (he ges increases. Since ihe cylinder Is well Jagged. 

no heat can flow into or out of (he gas. The increase in iothnsic energy of the 

gas has iherefore been caused by ihe work done by ihe piston on the gas. 

As another ciample. consider a gas contained in a rigid container and heated 
(Fig 1.8{b)k Since (he boundaries of the system are rigidly fised then no work 
is done on or by the system. The pressure and temperature of the gas are 
observed to increase, and hence the intrinsic energy of the gas will increase. 
The tocrease in intrinsic energy has been caused by the heat flow to (he system. 

In the example ctf Ftg. l.g(aj the work done on (be system is energy which 
is apparent only during the actual process of compression. There is an intrinsic 
crKrgy of the system initially and an intrinsic energy Anally, but the work done 
appears only in (ransiiioo from the initial (o (he finat condirion. Similarly, in 
(be example of Fig. I.8(bk (he heat supplied appears only in transition from 
one stale of the gas to another. 

Another way in which work may be transferred to a system is illustrated in 
Rg. 1.9. The paddle wheel imparts a change of momentum to the fluid and a 
work input is required to turn the shaft. The kinetic energy attained by the 
fluid is ^ssipaied by internal fluid frklion. and friction between the fluid and 
the container. When the coniainer is wrell lagged, all the work input goes to 
increasing the intrinsic energy of the system 


Convention 

The sign convention used in this book assumes that all external inputs to a 
system are positive. That is 

Heat iuppl>«d (o a ty^tem. Q. is positive. 

Work input to a system. W. is positive. 

When a system boundary is drawn to define the system then it foliowi that 
heat supplied Q, and work input, IF. will always be shown by arrows pointing 
into (he system. In aJgcbrak equations it will be quite clear when numbers are 
substituted whether the value of Q ind/or W is positive or negative; a negative 
value for Q will indicate that heal is rejeaed from the sysiein; a negative value 
for W will indicate that work is done by the system on iu surroundings. 

In many cues it would cause unnecessary confusion by referring throughout 
to negative quantiUes; for example, it is dear that for a devrae designed to 
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produce power, such as an inlcmal combustion engioc or turbine, (he work 
input 10 the syslem is always negative. Although the above sign convention 
will be used for all algebraic equations it will be made clear in the wording 
that the system it produong a work output. Tor example 

Work done by the system • - IV 

Similarly, for (he case of a system designed specifically to cool a fluid, such as 
a condenser for caample, it it dear that the beat supplied to the sysiem is always 
negative. Hence we can ivrite 

Heat rtjtcieJ by Ike system - -Q 


1.2 Units 

Throughout this book SI units will be used. The Intemational System of Units 
(Systeme lnlenutiooBld'Uniica.ablmviaiioo SI I was adopted by the General 
Conference of Weights and Measures in I960 and subsequently endorsed by 
the Intemational Organisation for Slandardiation. It is a cohereni system. In 
a coherent system all derived unit quantities are formed by the product or 
quotient of other unit quantities. In SI uni is six physical quantities are arbitrarily 
assigned unit value a^ hence all other pbydeal quantities are derived from 
these. The six quandlies chosen and their units are as follows: length (metre, m); 
inass(kikigram,kgl;time(seoond.s|;deciriccxirTen((ampeie. A); thermodynamic 

temperature (degree kclvia. K); lumioouj iatemity (candela, cd). 

Thus, for vdocity • leogih/time has uniis of m/s; acceleraiioo •• 

vetodry/lime has units of m/t*; volume = length x length x length has units 
of m’t specilic voluinc = vdume.'masi has units of m’/kg 


Force, ertargy. and power 

Newton’s secofkd law may be written as force cc mass k acceleration for a body 
of constant mass. U. 

Fmkma (l.I) 

where mis the mass of a body accelerated with an acnleration a, by a force F: 
jk is a constant. 

In a coherent syslem of units such as Sf. k • I. hence 
f -ma 

The $1 unit of force is therefore kg m/s^. 'This composite unit is called the 
newron, N, le. I N is the fotoe required to give a mass of I kg an acceleration 
of 1 m/s^. 

llfoDows that the SI unit of work I • force x distance) is she newton metre, 
N m. As suied earlier heal and work are both forms of energy, and hence both 
can have the units of kg /s'or Nm. A general unit for energy is Introduced 
by giving the newton metre the name youie. J. 
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U. I joule. 1 I newion < I metre 
or I i - I N m 

The use of additional names lor composite units is extended further by 
introducing the mui, W, as the unit of pouer, 

U. I wall, W m I J/s B I N Rl/S 


ProMurd 

The unit of pretsuie (force per unit area) is N/m’ and this unit is somelimes 
called the pascal. Pa. For moil cases occurring in ihermodynamics the pressure 
expressed in pascals suouM be a very small number: a new unit is defined as 
follows: 

I bar-10’N/m’-10’Pa 

The advantage of using a unit such as the bar is that it is approximately equal 
to atmospheric pressure. In fact tbe standard atmospheric pressure is exactly 
101325 bar. 

As indicated in section I.I, it is often coovement to express a pressure as a 
head of a liquid. We have; 

Standard atmospheric pressure — 1.0I3ZS bar — 0.76 m Hg 


Temperature 

The variation of an easily measurable property of a substance with lemperatuce 
can be used to provide a tem pe mtufe-measuriog instrument. For example, tbe 
length of I column of mercury will vary with temperature due to the expansion 
and contraction cd the mercury. Tbe iuslniisieat cun be caUbrated by markiog 
the leoglh of tbe cdumo when it is brought into ibennal equilibrium with the 
vapour of boiling water at atmospheric pressure and again when it is in Ihensial 
equilibrium svith ice at lunosphetic preaiute. On the Celsius (or Centigrade) 
sole 100 divssioos ace made between tbe two fixed points and the zern is taken 
at the ice point. 

The change in volume at couiaoi ptessure. or ihc change in pressure at 
constant volume, of a fixed mass of gas which is not easily liquefied (e.g. oxygen, 
nitrogen, behum. etc.} can be used as a measure of temperature. Such an 
instrument is called a gas ihrrmamrwr. It is found for all gases used in 
such ihetmometeci that if the graph of lampetiiuie against volume In Ihe 
constant pressure gas themometer is extrapolaled beyond the ice point to the 
point at which tbe volume of tbe gas would become zero, then (he temperature 
at this point it -273'C approximately (Fig. I.IO). Similarly if Ihe graph of 
temperature agaiosl pressure in (he eomUnt vedume gas ihermonetcr Is 
eiirapolaled to zero pieseuiu. then (he same zero of temperature is found. An 
absolute zero of t e mp era ture has therefore been fixed, aod an absolute scale of 
temperature can be defined. Temperature <m (be absolute Celsius scale can be 
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Fi|. I.IO Graph of 
temperature agairui 
volume for a 



obtained by adding 273 to all temperatures on the Celsius scale; this scale is 
called the Keldn scale. The unit of te m per a lurc is the degree kelvin and is given 
the symbol K. but since the Celsius scak which b used in practice has a different 
zero the temperature iodcgreesCcisiusb given lbeayi>ibolC(ag.20°C - 293 K 
approiitnately; also. 30^C — 20*C= iOKl In this test capital T is used for 
a^lule lemperaiute and smaO i for other temperatures. 

In Chapter S an absolute scale of temperature will be introduced as a direct 
consequence of the Secoisd Law of Thermodynamics. It is found that the gas 
thermometer absolute scales approach the idcaJ scale as a IhniL Also, with 
regard to (he practical absolute t e mper a ture scale, there b an interrsationally 
agreed working scale which gives temper a tures in terms of more practicable 
and more accurate instruments than iIk gas ihcrmomeier (see ref. I.3L 

Multiples artd sub-multiples 

Multiples and sub-multiples of the basic units are formed by means of preliaes, 
and the ones most commonly used are shown in the following table: 


Muftfplyuig faeior 

Frtfix 

Symbol 

One million million 

ten 

T 

One thousand million 

gip 

O 

One million. 10* 

mega 

M 

One thousand, 10’ 

kilo 

k 

One Ihouundth, 10*’ 

miUi 

m 

One mlllioolh, 10'* 

micro 

H 

One thousand millionih 

MM 

n 

One mlJlioo millionth 

pko 

P 


For most purposes the multiplying factors shown in the ebove table are sufficient 
For eiample. power can be eapretsed in either megawaita. MW. or kilowatts, 
kw, or watts, W. In the measurement oflenglh the millimetre, mm. the metre, nt. 
and the kilometre, km, are usually adequate. For areas, the difference in siu 
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belwecn lheM|i>aic mllllinelre. nm'. and Ibe square metre, in', is large la factor 
of I0‘}, and an intermediate sue is useful; the square centimetre, cm', is 
recommended for limited use onJy. Tor volumes, the dilTerence between the 
cubic milliinelre. mm’, and the cubic RKtrc, m’. ti much too great la Cactor of 
10 * 1 , and the most commonly used intermediate unit is the cubic decimetre, 
dm’, whkli is equal to one'thousandthofa cubic metre I i.e I dm’ - 10~’ m’^ 
The cubic decimetre can also be called tbe litre, L 

i.e. I line. I u I dm’u I0'’m’ 

(Note, for very precise measuremenls, I litres 1.000028dm’.) 

Certain eicepiions to the general rule of multiplying factors are inevitable. 
The most trisvious eaample is in (he case of the unit of lime. Instead of 
the centisecond. kilosecood. or irregasecood. for instance, the minute, hour, day, 
etc. are used Similarly, a mass flow rate may be expressed in kilograms per 
hour, kg/h, if ihb gives a more convenieni number than when expressed in 
kilogsams per second, kg/s Also (be speed of road sehicles is expressed in 
kilometres per hour, km/h, since this is more convenieni than the notiiial unit 
of velodiy which is metres per second, ns/a. 

1.3 The state of the working fluid 

In all problems in ap^ied ibermodynasnics vie are concerned with energy 
traoslers to or from a system. In practice the matter contained within tbe 
boundaries of the system can be liquid, vapour, or gas, and is known as the 
■vorkinp fluiil. At any instant the store of the working fluid may be deftned by 
certain chaiaclenstics called its propenies. Many properties have no significance 
in tbetmodynamics (e.g. electrical resisunce). and v^l not be considered. The 
thermodynamic properties introduced in this book are pressure, temperature, 
specific volume, spedfic interna] energy, specific enthalpy, and specific entropy. 
It has been Ibund that, for any pure working fluid, only two independent 
properties are isecessary to define complelely tbe state of tbe fluid. Since any 
two independent properties suffice to tMne the slate of a system, it is possible 
to represent the state ofa system by a point situated on a diagram of properties. 
For example, a cylinder containing a certain fluid at preuure p, and specific 
volume r. Is at slate I. defined by point 1 on a disgrum of p against c 
I Fig. 1,11 la)) Since the stale is defined, then the temperature of the fluid, T is 
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fixed utd ibe ttiie poiot cui be located on a diagram of p againsf T and T 
againsi v (Fip 1.11(b) u>d I.1 I(g) 1 At any other iniuol the piston may be 
moved in the cyhndee such that the pressure and specific volume are changed 
to P] and 0 ]. Stale 2 can ibeo be mariud on the diagrams- Diagrams of properties 
are used continually in applied Ihermodynamics to plot state changes. The most 
important are the pressure-volume and temperature-entropy diagrams, but 
enthalpy-entropy and piessuie-enihalpy diagrams arc also used frequently. 


1.4 Reveralbllity 

In section 1.3 it was shown that the state of a fluid can be represented by a 
point located on a diagram using two properties as coordinates. When a system 
changes state in such a way that at any instant during the process the state 
point can be located on the diagram, then the process is said to be revmibit. 
The fluid undergoing the process pisses through a continuous series of 
equilibrium slatea. A reversible process between two states can therefore be 
drawn as a Kne on any diagram of properties (Fig 1.12(a)). In practice, the 
fluid undergoing a process cannot be kept in equilibrium in its mlermediate 
states and a cotuinuous path cannot be traced on a diagram of properties. Such 
real processes ire called irrtvenible proceats. An irreversible process is usually 
represeuied by a dotted line joiiiing the end stales to indicate that the 
intermediate stales are indeterminate (Fig I.I2(b)k 


Fig 1.12 Reversible 
and irreversible ptoceucs 



A more rigorous definrtion of reversibihly is as follows: 

Whtn a fiuiJ wukrgon a rmrsibU process, both iht fluid and its surroundinps 
eon dfwoys be miored to their orlflnal state. 

The criteria of reversibility are as foDows: 

(a) The process must be friciionless. Tlie fluid itself must have no internal friction 
and there must be no RKchaoical friction (e.g between cylinder sad j^lon). 

|b) The diJlerence io pressure between the fluid end its surroundings during the 
process must be infinitely small. This means that (he process must lake place 
intinilely slowly, since the force lo acederate the bouadaries of ihe system 
is infiaiiely smaD. 
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(c) ThcdiflCTcnoeioianperalurc between the fluid and its surroundings during 
(be process must be inHoilely small. This means ibal the heal supplied or 
rejected to or from the fluid must be transferred infinitely siowiy. 

It is obvious from the above criteria ibal no process in practice is truly 
reversible However, in many practical processes a very dose approsimation to 
an (nrrnial mwsfbilfty may be obtaitted. In an internally reversible process, 
although the surroundings can never be restored to their original slate, the fluid 
itself is at all times in an equilibrium state and the path of the process can be 
ciacily retraced to the initial stale. In general, processes in cylinders with a 
reciprocating piston are assumed to be internally reversible at a reasonable 
approiimaiion. but processes in rotary nuchinery (e.g turUnes) are known to 
be irreversible due to the high degree of turbulence and scrubbing of the fluid. 


1.S RqvnrtibI* work 

Consider an ideal friciionlest fluid conlaioed in a cylinder behind a piston. 
Assume that the pressure aird lemperature of the fluid are uniform arid that 
there is no friction between the piston and the cylinder walls. Let the 
cross-sectional ares of the piston be A. let the pressure of the fluid be p. let the 
pressure of Ibe surroundings be (p-i- dp) (Fig 1.1}). Tbe force esert^ by the 
piston on the fluid b pA. Let the pston move under the action of the 
force exerted a distance ifr to the left. Then work done on the fluid by the pbton 
u given by force times the dblattct moved. 

ie. Work donc.dH' = -(pA) x d/= -pdK 


Fig. 1.13 Fluid in a 
cylinder undergoing a 
compression 


Pmon 
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where dF b a smail increase in volume. The negative sign is necessary because 
the volume is decreasing. 

Or for a mass, m. 
dW « -aip dr 

where c b the specific volume. This b only true when criteria (a) and (b) hold 
as stated in section 1.4. 

When a fluid undergoes a reversible process a series of slate points can be 
joined up to form a line on a diagram of properties. Tbe work done on the 
fluid during any reversible process. W, b therefore given by the area under 
the line of the process plolled on a p-r diagram (Fig 1.I4I, 

Le. D'x.^nij* pda^mj* pdr ■ m (shaded area on Fig 1.14) (1,2) 
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WhoQ p can be expressed in terms of c then the imegra!. m f! p dp. can be 
evaluated. 

Fuample 1.1 Unit mass of a fluid at a pressure of 3 bar. and with a specific volume of 
0.18 m^/k^ cooiaroed m a cylinder behind a piston expands reversibly to a 
prcsureofO.6 bar according (o a law p m c/p^, wherec is a constant. Cakulaie 
(he work done during (he process. 

Sofution Referring to Fig. 1.15 

Fig. 1.15 

Pressurr^pecific volume 
diagram for 
Example 1.1 


IFv-ntJ p dp ■-m (shaded area) 

u. 

also «-pe* - J K ai8'-aiWTIbBrlinVk*)' 

therefore 

- -29S40Nin/kg 

is. Work done Ihc fluid - +29840Nin/kg 
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one m which (hen b ■ wikk ovcpol from (be ftiiad tu. W ii aegsUvel 
When • fluid wdogoes • senei of pr o ce m sad fiosUy reium to lit Initial 
rate, ibn it b Mid io have underiDae a ihermodyoaenc fyett. A cycle which 
eoosbti ooljr of renn41e proccaacs b a tmrabk cyde. A cyde jotted on a 
tLagrajD of propertie foms a dosed figure, aod a revciaihle cycle plot led oo a 
f-f dia^njB fonu a dosed figure (be area of w hich represeoa ibe oel work 
of Ibe cjde. For eaare^ a re>«mble cyde cDosutiag of four reversible processes 
llo2.2ii>3k3(o4. and a to 1 b shown in Fig^ l.ll The oei work input k 
equal to the shaded aicB If the cyde were described in the icvcm directioo 
lie. 1 to4,4io3.3u>2» and 2 to 1 L (bea tht shaded area would represent 
■el work OBipBl from (ba lyim. TW rule • (bat ibe eadeecd area of a memble 
eyck repremis net week IcqiM (Ia net work doM on the sysum) wheo the 
cycle b deaehbed la aa aati d odtwie e Biaaaer. and ibc aidoeed area represents 
wort outpul liA work done by ibe system) when the eyde b described In a 
etockwiae naiuier 


Fl|. I.iy levcnWe 
cycle on a y*r diapam 




EaampIo Y.2 Uaii mass of a certam fluid u coetiiwd la a cylmdec al an laiUal preuurc 


of20 bat. The fluid is allowed 10 eapaad rcrenWy bebladapbton accordint 
loa law pK’» constant until the vohioe IS doubled The fluid u thee cooled 
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rtvtnibly at constafli pressure until the pistoo regains iu origiDi] pofitioo; 
heal is ibea supplied reversibly with the piston flnnly locked in position unto 
the pressure rises to the orifinsl value of 20 bar. Calculate the net work done 
by the fluid, for an inhial volume of O.OS m’. 

Soluthn Referring to Fig. I.lg 

p,yl~pxyl 


Flf. 1>18 rt|ur« for 
Exam^ 1.2 



therefore 


If,] = — J pdK from equatiOD (1.2)- -area I2BA1 

{ -^df where e »p,f} - 20 x O.OS^bsr m‘ 

Jr. y 


ie. W, 
therefore 

If,,- -lO»x20x0dXHJ^-pp* 
- -10’ X 20 X 0X025 


’{dos'ai)” 


50000Nm 


lf„-area32BA}-p]|f, - f,)- 10’ x 5 x (01 -005) 
-25000Nin 

Work done from 3 to 1 b zero since Ihe piston u locked in poiilion. Therefore 
Net work done - If,, + If,, - -(eodoced aret 1231) 

- -50000 25000- -25000 N in 
Hence Ihe net wotk done by the fluid n f 25000 N m. 
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It has been staled above that wotk ispvcnby -{pdefof a reversible process 
only. It can easily be shown that —(pda b not equal to Ihe work done if a 
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pco ttM b uievuiMb Fof eumple. a cytodp. divided into a ousiber 

of compvtBe&u by didiog pomooQAfFi^ I.IF^ laitiaDy. conpAnmeoi A a 
filled with a BOB of Oiddalpnmep|. WbealhadidiD|partitioo 1 s moved 
quidil)', iben cbe fluid opajids (o 60 eeaparUMou A and B. W?wn ihe lytien 
eeciles dowa lo a aew eqaflftmwD uaia tbe preuere and voiiime tie 6aed aod 
ite ttau CM be luried oa llie f‘V dbcnn iFlp, SUdiop paniiioo 2 b 
Q0« removed sod the 8ttid etpoodt io occupy coopsnmcou A. B, ud C 
Agua cbe equibbnua stale can be nartedoo cbetfcagram. TlKEarac procodun 
cu be adopted wKb perobeos 3 aod 4 uid 6cially ibe fluid is al pj and occu|Ms 
a vofane Ij vhee filioi cempanmeots A. Bt C. D. and £. The area uader ibe 
cufve 1*2 os Fi^ I JO b gnto by pdV, bul oo work bai beta dooe jsp&n 
from the ae^ipible vetfc laqaaed loioove cbe parunoosl No pbloa has been 
Bwwd, so larbioe wheel hea beea revolved; io other words, no enema) foice 
has been moved tbrovib a dbtsoce. Thb d cbe enieme case of so irrevenibk 
pcoem m vMeb \p6V has a vahie aod yet the wort dOM b cero Wbee a 
fluid ca poods wiiboul a mrrimioi foree beisi crened by cbe lurtousdinga ai 
in cbe caaaplf above, cbe proceea is knows tifrtf eTip^e*i. Free eipansion 
b highly inevemMe by criMnon (b), senioo lA In many ptsoikia) espamion 
ptoecasea 90 mm we«t is done by ibe fluid which is las than f ads and in many 
piteuai eompramoo preeeMcs vest isdooe which is greaierihanfpde. lilt 
■oportaai to repnMol al irrevmhlt preoHMS by doned lioB 001 p • f diatom 
as a renioder ibac ihc area under the dotted hoe does noi represeni work 


1.6 Confl«rv«tion of energy end the Firtt Lew of 
ThermoEfynemice 

Tbc eoflcepf of mmrgy aod the hypoibaeis chai a cas oestber be created oor 
doiioytd were developed by sckntiicsm ibeeofly part oftbe sineteoaib century. 
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Introduction ond tho Fliot Low ol Thormodynomleo 


Example 1,3 


Solu^on 


Fl|. 1,21 Stum plani 
Tor Example 1.2 


and became known as [he Pruicjp/e of tho Conservation of Energy, The Fini 
Law of Tbennodynainics is meitly one staicmenl of [hit general principle with 
particular rafereDCe (O [hermal energy, (i.e, heatk and mechanical energy. 
<i«. workl 

When a system undergoes a complete Ihennodynamic cycle (he intrinsic 
energy of the system is the same at the beginniog and end of the cycle. During 
the various processes that make up the cycle work is done on or by the fluid 
and heat is supplied or rejected: the network input can be defined as £ Hi and 
the net heat sup|flied as where (he symbol £ represents the sum for a 
complete cycle. 

Since the intrinsic energy ol the sysietn is unchanged the First Law of 
Thermodynamics states (hat: 

When a system undergoes a thermodynamic cycle rhen the net heat supplied 
to the system from Its surroundings plus the net work Input to the syslem^om 
Its surroundings must equal tero. 

That is 

£C + £H' = o (1.3) 

In a certain steam plant the turbsoe develops 1000 kW. The beat supplied 
to the steam in (be boiler is 2g00kJ/kg, the heat rejected by the steam to 
(he cooling water in (he condenser is 2100 kJ/kg and the feed-pump work 
required to pump the condensate back into the boiler is 3 kW. Calculate the 
steam flow rate. 

The cycle is shown diagrammalkally in Fig. 1.21. A boundary is shown which 
encompasses the entire i^ant. Slriclly, this boundary should be thought of 
as encompassing the woiiing fluid only. For unit mass flow rate 

£ d<3 = 2<00 - 21W w 700 U/kg 
Let the steam flow be rh kg/s. Therefore 
£de- 700mkW 

and £dW« 5-1000=-MSkW 


Sovadary 



36 




1.7 Tbt noA'flow «qu«t<en 


Then in equaiion (U| 

£<1Q + I<lH'»o 
i.e. 700n-99S = 0 
ihetefow 

WI-99S/TOO- 1.421 kg.S 
i.e. Sleam mais flow laie required m 1.421 kg/s 


1.7 The non-flow •quation 

Id sectiOD 1.6 it is sisicd that wbea a system possessing a certain intrinsic 
energy is made to undergo a cycle by heat and work transfer, (hen the net heat 
supplied plus (he net work input is zero. 

Thlsisiruc for a compleic cycle when (he final intrinsic energy of the system 
is equal to its initial value. Consider now a process in which the intrinsic energy 
of the system is finally greater than the initial intrinsic energy. Tb&sum of the 
net heat suf^ied and the net work input has increased (he iniKosic energy of 
the system, ic. 

Gain in intiinsk energy = Net heat supplied + net woA input 

When the net rilect is to transfer energy from the system, (hen there will be a 
loM in the intrinsic energy of the system. 

When a fluid is not in motion then its intrinsic energy per unit mass is known 
as the sfied^c inirmnlmerpyorihe fluid and is given the symbol u. The specific 
internal energy of a fluid depmds on its pressure and t e mpe ra ture, and is itself 
a property. The simple proof (hat specific internal energy is a property is given 
in ref. 1.4. The iniemal energy of mass. m. of a fluid is written as t/, i.e. mu • V. 
The units of internal energy, V. are usually wntlen as kj. 

Since intemal energy is a properly, (hen gam in internal energy in changing 
from slate I to state 2 can be written (/, — (/,. 

Also, gain in internal energy > net heat supplied 4^ net work input. 

ue. l/j-Vi-IdC + ^dH' 

I 1 

This equation b true for a process oi series of processes between state 1 and 
state 2 provided there b no flow of fluid into or out of the syitem. In any one 
non-flow process there will be either heal supplied or heat rejected, but not 
both; similtriy there will be either work input or work output, but not both. 
Hence. 

(/,-(/, w Q 4 W for a non-flow process 
or, for unit mass 

C4H'-u,~u, (1.4) 
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tmroducUon vid th* Flr*t Law of Tharmodynamica 


Exampl* 1.4 


Solution 


Exampis 1.5 


Solution 


Thii equation it known at the noa^ow energy eguailon. Equation (1.4) is 
very often written in difTerenlial form. Fora small amount of heat supplied d(^, 
a small amount of work done on the fluid iW. and a small gain in specific 
internal energy du, then 

dg + dlV-du (1.SI 

In the compression stroke of an intecnal-eombustion engine the heat rejected 
to the coohnf water te 4S kJ/kg and the work input is 90 U/kg. Calculate 
the change in specific intemal energy of the working fluid stating whether 
it is a gain or a Iocs. 

C - -4SU/kg 

(-ve sign since heat b rqecied). 
fFadOU/kg 
Using equation (1.4) 

Q+W-u,-.. 

—4j + 90 = Uj — a, 
therefore 

u, - u, = 45 kJ/kg 

Le. Gain in iotemal ettergy = 45 kJ/kg 


In the cylinder of an air motor the compressed air has a spedfle intemal 
energy of 420 U/kg at the beginning of the upaiuion and a ipeeifie intemal 
energy of 200 U/kg after expansion. Calculate the beat flow to or from the 
cylinder when the work done by the air during the expansion it 100 kJ/kg. 

From equatioo(l.4) 

C+lF-tr.-u, 

U. C-100 - 200 - 420 
therefore 

<2- -l20U/kg 

U. Heat rejected by the air • +120 U/kg 

It b important to note that equations (1.3). (■•4X and (1.5) are true whether 
or not the process u reversible. These are energy equations. 

For reversible non-flow processes we have, from equation (1.2) 

IF — -m J pdr 

or in difTerenlial form 
dlF = —at pde 
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1.S Th* StHdV'flOW •qustloA 


Hence for uy ccvecable non-Doiv process (or unit mass, subsiiluling in 
ajuationd.S) 

dQ.dv + pdc (1.6) 

or tubstiiutioi is equation (1.4) 

C-(M,-i«,) +j’pde (1.7) 

Equaiions(I6)tad(l.7)cnn only be used for ideal reversible non-flow processes. 


1.6 Tha Btaady-flow aquation 

In section 1.7, the spedAc ialernnl energy of a fluid was said to be the inlnnslc 
energy of (be fluid due to its Ihennodynatnie propenies. When unit mass of a 
fluid with specific iotemtJ energy, u. is moving with velodiy C and is a height 
Z above a datum level then it possesses a total energy of u -h (C^/2| *■ Zg, 
where C^/2 is the kinetic energy of unit mass ttf the fluid and Zg is the potential 
energy trf unit mass of the fluid. 

In most practical proUeins the rate at which the fluid flows through a machine 
or piece of apparatus is constant. This type of flow is ceiled steady flow. 

Consider s fluid flowing in stendy Sow with n mass flow rata. m. through a 
piece of apparatus (Fig 1.22). This constitutes an open system as defined in 
section li. The boundary is shown cutting the inlet pipe at section i and the 
outkt pipe at section 2. This boundary is somedincs railed a control surface, 
and the system encompassed, a control cclume. 


Fig 1.22 Sieady-Dow 
open system 




Fig IJ3 Seclioii at 
inlet to the syilem 


Let it be assumed that a steady rale of flow of heal (^ units is supplied, and 
that W ia the rate of work input on the fluid as it passes through the apparatus. 
Now in order to introduce the fluid across the boundary an expenditure of 
energy is required: timilarly in order to push the fluid across the boundary al 
exit, an expenditure of energy is required. The inlet section is shown enlarged 
in Fig 1.23. Consider an element of fluid, length (. and lei the cross-sectional 
area of the inkt pipe be 4,. Ihen we have 

Energy required to push dement across boundary 

»(Pt4,) X 1-Pi X (volume of fluid element) 
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(mroductton and Ot9 Fim U*w of Thormodyntmtc* 


therefore 

Energy required br unit mus flow rule of fluid « P|Vi 

where 0| is ibe specific volume of the fluid at section I. 

Similarly it can be shown that 

Energy required at exit to push unit mass flow rate of fluid across the boundary 
• P,e, 

Consider now the eoergy catering and leaving the system. The energy entering 
the system cortrists of the energy of the flowing fluid at inlet 

(he ennn' tenn ihp, v,, the heat lupplied (}. and the rate of work input, W. The 
eoerp leaving the syilem conaitu ^ the energy of the Rowing fluid at (he outlet 
section 

*(“j ^>9^ 

and the energy tenn npgC]. Since there s steady flow of fluid into and out of 
the system, and there are steady flows of heat and work, then the eoergy enleiisg 
must exactly equal the energy leaving 

*(“i + y + Z.9 + Pi'i) + 6 + * *(ui + ^ + Zjg + 

( 1 . 8 ) 

In nearly all problems in applied (hennodynamics, changes in height are 
negligihle and the potential energy terms can be omitted from the equation. 
The terms in u and pc occur on both sides of (he equation and always will do 
so in a flow process, since a fluid always possesses a ctrlain uitemal energy, 
and (he term pr always occurs at inlet and outlet as seen in the above proof 
The sum of speciBc internal energy and the pv term is given the symbol k. and 
is called spmfic enthalpy. 

Le. Specific enthalpy, h a u-f pc (1,9) 

The specific enthalpy of a fluid is a property of the fluid, since it consisls of 
(he sum of a property and (he product of two properties. Since spedfle enthalpy 
is a property like specific internal eoergy, pressure, specific volume, and 
temperature, it can be introduced into any ptoUem whether the process is a 
flow process or a non-flow procets. The enthalpy of mass. m. of a fluid can be 
written as i/(iemh- ffk The units ofh arc the same as those of internal energy. 
Substituting equation (1.9) in equation (1.8) 

*(li, -I- ^ + Z,g) -c + I*'- ih(h, + ^ -h Ztoj (I.IO) 

Equation (1.10) is known as the sieady-flow energy equation. In steady flow 
the rate of mass flow of fluid at any section is (he same as at any other sectioo. 


40 



1.8 Th« KMdV'flow t^ntlon 


CoDsider any section of cross-sectional area A. where the fluid velocity is C, 
then the rate of volume flow past the section is CA. Also, since man Sow is 
volume flow divided by specifle volume 

Mass flow rate, m.~.pCA (I.U) 

t 

where c is the ipedfic volume at the section and p the density at the section. 
This equation is known as the comlnaity vf mass r^uaiion. 

With reference to Fig. 122 


Extfflplo 1.6 In the lurbine ol a gas lurbitM uciH (be gases flow through (be (urbine at 
|7kgys and the power developed by the (urbine U 14000 kW. The specific 
enthalpies of the gases at lAlei and outlet are l200kJ/kg and 360kJ/kg 
respectively, and the velodties of the at inlet and outlet are 60 m/s and 

150 m/s respectively. Calculate the rate al wfcucb heat is rejected from the 
turbine. Find also (he area of the inlet pipe gii’eo that the specific volume 
of the gases at inlet is 0.5 m^/kg. 

So/uWon A diagrammatic represeotaiioo of the turbine is shown in Fig. 1.24. From 
equation (1.1 Ok negleciing changes in height 


Fig 1J4 Gas turbine 
for Example 1.6 



For unit mass flow rate: 


Kinetic energy at inlet 


£i 

2 



s 


W» kgm^ 
2 s‘1(g 


w|H»Nm/kgw|.gkJ/kg 

C* 

Kinetic energy al oullcc * (kinetic energy at inlet) 

- ll.25U/kg (since Cj»15C,l 
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Example 1.7 Air flows steadily at the rale of 0.4 kg/s through as air compressor, enteriog 
at 6m/s with a pressure of 1 bar and a specific votutne of O.gSm’/kg, asd 
leaving at 4.5ffi/s with a preuure of 6.9bar and a specific volume of 
0.16 inVkg The specific internal energy of the air leaving is SB kJ/kg greater 
than that of the air entering Cooling water in a jacket surrounding the 
cylinder absorbs beat from the air at tte rate of 59 kW. Calculate the power 
required to drive the compressor and the inlet and outlet pipe cross-sectional 
areas. 

Solution In this problem it is moreconvenienttowrite the Aowequation as in equation 1.8, 
omitting the Z terms, 

A diagrammatic reprcacntatioo of the compressor is shown in Fig 1.25. Note 
that the beat rejected across the boundary is equivalent to the heat removed 
by the cooling water from the compressor. For unit masr flow rate: 

^ J/kg - 18 J/kg - 0.018 U/kg 


Fig 148 Air 
compressor for 
Example 1,7 
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Problenu 


^ _ 4£x_4^ I ^ 

p,c, • I X 10’ xO.SS-tSOOOJ/kg-gSM/kg 
p,r, -«.9 X 10’ xO.I6= il0400;/kg= n0.4U/kg 



Uj-u,-88kJ/kg 


Also 

g- -59kW 


Now 

^4 It-- 1 A|( 1 .,-i,,).Kp,tj-p,e,)-i-( 

^c! a 

V 2 2 . 

ic. 

- 59 -1- If 1 0.4188 4 110.4 - 85 4 0.0101 

-0.018) 

ihtrefoK 



W - 104.4 kW 


(Note that the change in kinelk energy is negligibiy small in comparison with 
the other lenna) 

he. Power input required - 104.4 kW 
From equation (I.II) 

CA 

IB = - 

r 


a4 X 085__ , 

A^ ■-- 04)57 m’ 


le. Inlet pipe cross.sectional area « 0.0S7 m’ 
Similarly 


•*2 


0.4 X 0.16 
AJ 


aoum’ 


ie. Outlet pipe cross-sectional area - 0.014 m’ 


In Eiample 1.7 the steady-Dow energy equation has been used, despite the 
fact that the compression consists of suction of air. compression in a closed 
eylinder. and discharge of air. The steady-flow equation can be used because 
the cycle of processes takes place many times in a minute, and therefore the 
average effect is steady flow of air through the madiine. 


Prgbl«m« 

1.1 A certain fluid at 10 bar is coiuaioed in a cylnidcr behind a pbton. the initial volume 
being 005 m’. Calculaie the work done by the fluid when ii eipand* reversibly; 

{il et conslam pressure to a filial voliiinc of 0.2 m’: 

til) accordingtoa linearlawioaAnalvotumeofflZm’and eflntiptessureof2 bar: 
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Introduction and th* fim Law of Thormedvnaffltes 


|iii| accordini lo a U« f I'« comlaitl to a final ^oJume of 0.1 m’, 

(iv> aceordmi le a law « cetuuoi to a final volume of 006 
<v> aecordtnf to a law, p ■ to a final volume of 0.1 and a final 

prcuure of I bar. »hcft M and fl are coniiants. 

Sketch all promm on a p-r diairam. 

IIMOOONm;90000Nm;}4TOONm. 7640Nm; |9200Nm) 

1.2 1 k| or a fluid a oompmsad rtverpUy aecordin^ lo a law pi' ■ D.25. where p it in 
bar and r U m TV Anal volume it i of cbe laicial volume. Calculate the work 

done on ihe fluid and ikeieb the proces on a p-r diagram. 

O4660Nm) 

U 005 m* of a gas at 6.9 bar espamli reveruMy in a oUnder behind a piilort according 
10 the law p»' * coniiani. vnill the volume li OOg Cakulaie the work done by 
ihe gas and ikcich che p io aw on a p- V diagram 

I iSdSONmj 

1.4 I kg of a fliud capands revetsiWy according lo a linear law from 4.2 bar lo 1.4 bar; 
Ihe irutyl and final velumea are OflMm* and 002 m*. The fluki Is then cooled 
revervbly at eonsiani peouure. and finally compressed reversibly according lo a law 
pe ■ constant back lo the initial conditions of 4,2 bar and 0.1)04 m*. Calculate the 
work done in each prooeas and the net work of the c>de. Sketch the cycle on a p-e 
diagram 

4 -4480Nm: *l120Nm. -l5l5Nml 

1.5 A fluid at 07 bar occupying 009 h comprewed reversibly lo a pressure of 3.5 bar 
according to a law pc* ■ conslaiM. The fluid b Iben bealed revembly al conslani volume 
uniil the pressure b 4 bar; the spetiOc volume b then 0.5m’/kg. A reversible expansion 

according to a law pr^ m conalaiil rwstorca the fluid lo ila inilia] vlala. Sketch ihe 

cycle on a p-r diagram and cakidaie: 
li) the mass of fluid present; 
fii) the value of n in the first process, 
liii) the net work of Ihe cycle. 

(OX»753kg: 1.847; -640NmJ 

1.6 A fluid b heated revenibly at a coasuni pressure of l OS bar uniil it has a specific 
volume of O.I m*/k^ It is then cooprossed Rvenibly according lo a law pt ■ consianl 
to a pressure of 4 2 bar. then allowed lo expand revenibly according to a law 
pv' ^ w consianu and is finally heated at consuni volume back lo ibe Initial condiiiona. 
The work done in tbe constaol pressure process It -515 N m. and the mau of fluid 
present ts 0.3 kg. Cakulaie the net work of tbe cy^ and sketch ihc cycle on a p-v 
diagram. 

14 781 Nm) 

1.7 In an air compressor ihc compresiioa takes place ai a constant internal energy and 
SOU of heal are Ryecied to the cooling water for every kilogram of air. Cakulaie 
tbe work input for ihe compression broke per kikgrarn of air. 

(50kJ/kgl 

U In the coenprestion stroke of a gas engine the work done on ihe gas by Ihe piston 
is TOkJ/kg and the heal r cj e c ied to Ihe cooling waier is 42ki.<kg. Calculate the 
change of speeafic internal energy staling whether it is a gam or a loss. 

<3BU/kg goinl 

1.6 A mass of gas at as siuiial pressure cd 28 bar. and with an internal energy of l500kJ. 
b contained In a wdl-insulated cylinder of voluine 0.06 m*. The gas is allowed lo 
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<kp«iHj hchind » phion until its iniemal energy is 1400 kl; Ihe Isw of expansion is 
pr’ » eonstanl. Calculate: 

(i> the Mork done; 
fitl the final «o]uir>e: 

OitI the final pressure 

I - lOOU; 0.14am’; 4.59 barl 

1.10 The gase in the cyHoder of an intema] combustion engine have a rpedfic internal 
energy of aoOkJ/kg and a specific volume of 006 m’.kg at the beginning of expansion. 
The expaiBson of the gases may be assumed to take place according lo a reversible 
luw. pr*’■ constant, from SShar to 14 bar. The ipeesfic tniemal energy afler 
expansKw is 230kJ/kg. Calculaie the heal rejected to the eyllnder cooling water per 
kilogrem of gases during ihe expansion stroke 

(I04ki/kg) 

1.11 A steam turbine receive a steam flow of l.kS kg's and the power output is iOO kW. 
The heat loss from the casmg is negligible Calculate: 

10 the change of spedfic enthalpy aeroa the turbine when the velodtie at entrance 
and exit and the difference in elevatton art negligible; 
to) the change of specific eothalpy across the turbine when the vdoaty at entrance is 
bOm/s. Ihe velodiy at exit is and the inlet pipe is 3 m above ibe exhaust 

pipe 

l370kJ/kg; 433 kf/kgj 

1.13 A stead) flow of steam eolers a condenser with a specific enthalpy of 2300kJ/kg 
and a vdochy of 350 m/s. Tbc condensate leavm Ihe coodenscr with a specific enthalpy 
of 160 kJ;kg and a velodt) of TOns/s Cakulalc the heat transfer to ihe cooling fluid 
per kilogram of steam condensed. 

l-2l99kJ/kg) 

1.13 A turbine operaiiog under si6ady*flow conditions receives steam at the following 
stale: pressure. l3Jbar: spealic volume O.U3m’/kfr specific Internal energy 
2590kJ/kg, velocity 30m;s. The stale of the sKam leaving Che turbine is as follow's: 
pressure 0.35 bar. specafic vohime 4.3tm^.'k^ specific iaieroal energy 2360 kJ/kg. 
vehtdiy 90 m/s Heal is rejected lo the surroundings at the rate of 0.25 kW and the 
rate of steam flow ihiough the turbine is OJfl kg/s. Calculate the power developed 
by the turbine. 

(102.7 kW) 

1.14 A Aoafe IS a device for mceeasing the velomty of a steadily flowing fluid. Ar the inlet 
to a certain nozzle the specific enthalpy of the fluid is 3025 U/kg and the velocity 
IS 60 m/s. At Che exit from the nozzle the specific enthalpy is 3790 kj/kg The nozzle 
is horizontal and there is a negfigiMe heat loss from it Cakulate: 

1 1) Ihe vdocHy of tbc fluid at exh; 

fii) Ihe rate of flow vf fluid when Ihe Intel area is 0.1 m’ and the specille volume ai 
lolei uftlOm’^kg; 

fin) the exit area of the nonle when ihe specific volume at the nozzle exit is 0.5 m Vkg 

(68flm/s;3Uk|/s; 0.0329 m^) 
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2 


The Working Fluid 


Id sectjoD 1.3 Ihe matter coolained within the boundanes of a system is defined 
as (he working fluid, and it is staled that when two indcpeDdeol properties of 
the fluid are known then the thermodynamic stale of the fluid is defined. In 
thermodynamic syuems the working fluid can be in the liquid, vapour, or 
gaseous |diase. All substanoes can exist in any one of these phases, but we lend 
to identify all substances with the phase in which they are in equilibrium at 
atmospbene pressure aitd temperature. For instance, substances such as oxygen 
and nitrogen are tbought of as gases; H}0 is thought of as liquid or vapour 
(ia. water or steam); mercury is thought of as a liquid. All Ihese substances 
can exist in diilereni phases: oxygen and nitrogen can be liquefied; K,0 can 
become a gas m very high temperatures; mercury can be vaporized and will 
act as a gas if the temperature is raised high eoou^. 


2.1 Liquid, vapour, and gaa 

Consider a p-e diagram for any substance. The solid ^tase is noi imporiani 
in engineering ihcrmodynamKs, being mote the province of the meialiurgisl or 
physicisL When a liquid is heated at any one constant pressure there is one 
Axed temperature at whkh bubUcs of vapour form in the liquid; (his 
phenomenon is known as boiling The higher the pressure of the liquid then 
Ihe higher the Icmperaiuic at which boiling occun. It Is also found lhal Ihe 
volume occupied by 1 kg of a boiling liquid at a higher pressure is slightly 
larger than the volume occupied by 1 kg of tbe same liquid when it is boiling 
at a low pressure. A series of boiling-points plolied on a p-c diagram will 
appear as a doping line, as shown in Fig II. The points P. Q, and R represent 
the boiling-points of a liquid at pressure Pq. and Pt respectively. 

When a liquid at boiling-point is heated further at constant pressure Ihe 
additional heat supplied changes the phase of the substance from liquid lo 
vapour; during this change of phase ihe pressure and temperature remain 
constant. The heat supplied is called the specific eisifujlpy of raporizoiion. It is 
found (hat the higher tbe pressure then the smaller is the amouni of heat 
required. There is a deflnite value of specihe volume of tbe vapour at any one 



TH« Wdfking Ftul4 


Kif. LI Hoi hng* pomes 
ploiled on a 
p't dtagram 



V\%. ZtS Poiitls of 
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pressure, at ibe poini et which vaporizaiion is complete: hence a series of points 
such as P*. Q'. R* can be plotied and jouwd to form a hoe as shown io Fig. 12. 

When ihe luo curves already drawn are extended to higher pressures they 
form A continuous curve, thus forming a loop (see Fig. 2.3). The pressure ai 
which the turning point occurs is called the eriiical pre.isure and the turning 
point itself is called the crjfiraf point (point C on Fig. 2.3). (i can be seen that 
at the ciiticaJ point ihe specific enthalpy of vaporization is zero. The substance 
existing at a state point in^e the loop consists of a raiiture of liquid and dry 
vapour and Is known as a «it( lopour, A soittratitm uate is defined as a state 
at which a change of phase may occur without change of pressure or temperature. 
Hence the boiling'poinis P. Q. and R arc saturation states, and a series of such 
boiling-points joined up is called Ihe soruratfd lufutd Unt. Similarly Ihe points 
P*. Q'. and R . «i whkh the liquid Is complcicly changed Into vapour, are 
saturation states, and a series of such points joined up is called Ihc xaiuraieJ 
topauf fine. The word 'saturaiion* as used here refers to energy uturalion. For 
example, a slight addition of heat to a boiling liquid changes some of it into a 
vapour, and it is no longer a liquid but is now a wet vapour Similarly when 
a substance just on the saturated vapour line is cooled slightly, droplets of 
liquid will begin to form, and (he saturated vapour becomes a wet vapour. A 
sis(uratcd vapour is usually called dry soturattd to emphasize the fact that no 
liquid is present io (he vapour in this stale. 

Lines of coasiant temperature, cdled isoihermals. can be plotted on a p-o 
diagram as shown in Fig. 14. The temperature lines become horizontal between 
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(he saturated liquid line and (be saturated vapour line (e.g. between P and P‘. 
Q and Q'. R and R'). Thus there is a corresponding saturation tamperature for 
each saiuraiioH pressure. At pressure pp the saturation temperature is 7,, at 
pressure Pq the saturation temperature is T^, and at pressure p, the saturation 
temperature is Tp. The critical letnperalure line 7c just touches the lop ol the 
loop at the critical point C. 

When ■ dry saturated vapour it healed at constant pressure its temperature 
rises and it becomes saperheaitJ. The difierence between the aeluti temperature 
of the superheated vapour and the saturation temperature at the pressure of 
the vapour is called the degree of svperhnii. For example, the vapour at point S 
I Fig 2.4) is superheated at p^ and Tj. and the degree of superheat it Tj - T^. 

In seciinn 1.9 it is slated that two independent properties are sufflclenl to 
define the stale of a substance. Now between P and P'. Q and Q‘, R and R' 
the temperature and pressure are not independent since (hey remain constant 
for a range of values of v. For example, a subsiauce at pg and (Fig 2.4) 
could be a saturated liquid, a wet vapour, or a dry saturated vapour. The slate 
cannot be defined until oik other srroperty (e.g specific vtdiune) is given. The 
condition or quality of a wet vapour b most frequently defined by its dryness 
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fiaetion, and when Ibis is ksown as wdi as ihc pressure or lemperature Iheo 
(he s(alc ol (he wet vapour is fully defined 

Dryness fraclioa. x « Ihe mass of dry vapour in I kg of Ihc mialure 

(Sometimes a wetness fraction is defined as the mass of liquid in 1 kg of the 
misiure, ie. wetness fraction a I - x. I 

Note that for a dry saturated vapour a - I. and that for a saturated liquid 

x-0. 

The distinction between a gas and a superheated vapour is not rigid. However, 
at very high degrees of superheat an isothermal line on the p-r diagram tends 
to become a hyperbola (if. pv • coostanlk For example Ihe isothermal 7^ on 
Fig 2.4 b almost a hyperbola. An idealized substance called a perftci pat b 
assumed to have an equation of stale pc/T « constant. It can be seen that 
when a line of constant temperature ftritows a hyperbolic law (hen Ihe 
equation pr/ T •> constant is satisfied All substances tend to obey Ihc equation 
pv/T « constant at vesy high degrees of superheat Substances which ore 
thought ofasgasesfe.g oxygen, nitrogen, hydrogen, etc.) are highly superheated 
at normal atmospheric condiliona For cxam[^. the critical temperatures of 
oxygea niltogea and hydrogen are approximately -119. -147, and -240°C 
respectively. Substances normally existing as vapours must be raised to high 
temperatures before they begin to act as a perfect gas. For example, the 
critical temperatures of ammooia, sulphur dioxide, and water vapour are 170, 
1S7, and 374.15 *C respectively. 

The working fluid in practiod enginceriitg problems is either a substance 
which b approximately a pcTtect gvr , or a substance which cxbts mainly as 

liquid and vapour, such as steam and the refrigerant vapours. For Ihc substances 
which approximate to perfect gases certain laws relating (he properties can be 
assumed For the substances in the liquid and vapour phases the properties are 
not related by definite law's, and values of the properties are determined 
empirically and tabulated in a eonvcnienl form. 

2.2 Ths uM o< vapour tabiaa 

Tables art available for a wide variety of substances which normally exist in 
the vapour phase. The tables which will be used in (his book are those arranged 
by Rogers and Mayhew i ref. 21 k which are suitable for siodeni use. For more 
comprebeotivc tables for steam, ref 2.2 should be consulted. The tables of 
Rogers and Mayhew are mainly concerned with steam, but some properties of 
refrigerants arc also given. 


Saturation state properties 

The saturation pressures and corresponding saturation lemperutures of steam 
arc tabulated in parallel columns in (he first table, for pressures ranging from 
0.006112 bar to (he critical pressure of 221.2 bar. The specific volume, internal 
energy, enthalpy, and entropy arc also tabulated for Ihe dry saturated vapour 
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Tifalc II EiliacI fjorn 
labks of propenin of 
sloam 



r 



6. 


A, *1 A, », 

Ibar) 

IC) 

(m’kgl 

(kJ kg) 

UJ/kgl 

IkJ'kgKI 

0.34 

72 

4 649 

302 2472 

302 

232t 

26)0 0 980 6.74$ 7,725 


Bi each picuure and cormponding ulunilion lemperaiun. The lUfliB g is used 
to denote the dr> saturated stage. A specimen row from the lahlei is shown in 
Tabk II. For eiample at 0.34 bar the ulurailon lenipcraiure is 72°C, the 
spcciftc volume of dry saiuraled vapour, r,, at this pressure is 4.649 mV'kg. Ihc 
Internal energy ofdry saturated vapour, u,. is2472IJ;kg. and the enthalpy of 
dry saturated vapour, h,. is 2630 kJ 'kg The steam is in the slate represented 
by point A on Fig 2.S. At point B dry saturated steam at a pressure of 100 bar 
and saturation tempetature 311 *C has a specilk volume, r,. of 0.01802 m^/kg 
internal eiMtgy. a,, of 254$ kJ. kg and enthalpy, h,. of 2725 kJ/kg 


Fig 23 Points 

ideniiried on s 

p-L diagram lor steam 



The specific internal eiierg), ^secilk enthalpy, and specilic entropy of 
saturated liquid are also tabubied, the suffix f being used for (his state. For 
example at 4 bar and the corresponding saturalion temperature I43.6'‘C 
saturated water has a speulic inieraal energy, i^. of 6U5 kJ/kg and a specific 
enthalpy, hf, of 605 kJ.fkg This slate corresponds to point C on Fig 2.5. The 
specific volunie of saturated water, r(. is tabulated in a separate table, but it is 
usually negligiUy small in comparison with the specific volume of the dry 
saturated vapour, and its variation with tcmperaluce is very small: ihesaluraicJ 
liquid line on a p-r diagram is very nearly coincident with the pressure axis 
in comparison with Ihc width of the wet loop isce Fig 2.5)■ As seen from the 
table, values of IV vary from about O.tni m'.'kgaiD.Ol 'C to about U.DOIl m^/kg 
at I60'C: as the pressure approaches the critical value, the increase of c, is 
more marked, and at (he critical lemperslurc of 374,I5''C the value of iv is 
0.00317m’,kg 

Tbe change in specific enthalpy from hf to A, is given the symbol lt,(. When 
saturated water is changed to dry saturated vapour, from equation (1.4), 
g + IT = u, - u, = B, - u, 
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Abo ->f b RpRscnied by ibc area under (be boiuomal line on ihe p-v 
diagram. 

u. IV--(e, - r,)p 
(hereTorc 


e - (a, - Br) + ?(<•, - F,l 
■ (u, + PF.) - (“i 
From equaiioo (1.9) 

A au + 

ihererore 


g . - A, . 


Tbe heat required lo change a ulutaied liquid lo a dry aaluraled vapour is 
called (he spccilk eiKbalpy of vaporizarioo. A,,. 

Id (he case of sieam (aMes. (he specific inlenial ene^ of saiurated liquid is 
laken lo be zero ai (he iripk poisi (Le. at 0.01 ’C and 0.006112 bar). Then 
since, from equation (1.9). A ^ u -f pe. we have 


A a( O.Ol 'C and 0.006112 bar 


O-l- 


0.006112 X I0‘ xO.0010002 

io^ 


where c, at 0.01 ‘C is OJJOt 0002 m^/kg. 

Le. A>&II2x IO~*U-'kg 

ThisisncgllgibI) small and henccthe aero for enthalpy may be taken al 0.01 °C 
Note that at (he other end of (he pressure range tabulated in (he first table 
(he pressure of 221J bar is the critical pressure. 374.16 X is the critical 
temperature, and ihe specific enthalpy of vaporialion. A,,, is zero. 


ProponiM of wot vapour 

For a wet vapour the total volume of the mixture is given by Ihe volume of 
liquid present plus the viriume of dry vapour present. Therefore Ihe specific 
volume is given by 

volume of liquid + volumeofdry vapour 
total maas of wet vapour 

Now for I kg of wet vapour there are x kg of dry vapour and (I - x) kg of 
liquid, where x is the dryness fractioo es defined earlier. Hence, 

e - c,(l -x) + c,x 

The volume of the liquid b usually negligibly small compared to the volume 
of dry saturated vapour, beace for most practical problems 

p-xu, (2.1) 
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The enthdpy of o wet vapour b giveo by ibe sum of the eotbaipy of the liquid 
plus the eotbaipy of the dry vapour, 

le. A * 11 ~ + xAp 

therefore 

kfc,) 

Le. h-A, + xJi,, (2.2) 

Sinilerly, the inumaJ enersy of a wcl vapour ii gives by the interna! energy 
of the liquid plut the ioiemal energy of the dry vapour, 
i.e. u »(I — v)iif + XU, (2.3) 

or u ■ 1^4 x(u, - 1^1 (2.4) 

Equation |Z4) can be eipreued in a rom limilar to equation (Z2), but 
equations (2 J) and (2.4) are more convenient since u, and u, are tabulated and 
the dillerence. u, - u,. is not tabulated in ref. 2.1. 

Enampis 2.1 Calcuiatethespecific volume, specific enthalpy, and speciticinlemai energy of 
wet steam at 18 bar, dryness fraction 0.9. 

Solution From equation (2.1) 
c = xe, 
therefore 

u-aOu 01104 - 0.0994 m’/kg 
From equation (2,2) 

* - A, + xh,, 

therefore 

A-885 4(0.9 X 1912)-2605.8 U.'kg 
From equattoo(2.3) 

u • (I - x)u, 4 XU, 
therefore 

u-(l -09)883 4(0.9 n 2598)-2426.5 kj/kg 


Enampio 2.2 Calculate the dryness fraction, specific volume and specific internal energy of 
sleam at 7 bar and ^eeific eotbaipy 2600kJ/kg 

Solution At 7 bar. A, - 2764 kj 'kg. hence since the actual enthalpy Is given ts 2600 kJ/kg, 
thesteam must beinibewel vapour state. From equation (2.2), A — A, 4 xA,,, 

U. 2600-697 4x2067 
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ihcnfore 


2600 - 697 
2067 


0.921 


Then from equation <ZI) 

r-»,-0.921 Ka272*»02SI5m’/V| 

From equation (2.3J 

u — (I — a)iif air, 

therefore 

u-(l -0921)696*10.921 x 2S73)- SS-f 236$ 
i.e. u-2420UA( 


Properties of superheated vapour 

For steam in the superheat re^on. temperature and pressure are independent 
properties. When the temperature and pressure are given for superheat^ steam 
then the slate is dehned and all the other properties can be found. For example, 
steam at 2 bar and 200‘C is superheated since the saturation temperature at 
2bar is 1202^C, which is less than the actual temperature. The steam in this 
state has a degree of superheat of200 - 120.2= 79.8 K. The tables of properties 
of superheated steam (ref. 2.1) range in pressure from 0.006112 bar to the critical 
pressure of 22 Ubar. and there is an atldiiional table of supercritical pressures 
up to 1000 bar. At each pressure there is a range of temperatures up to high 
degrees of superheat, and the values of specific volume, internal energy, enthalpy, 
and entropy are tabulated at each pressute and temperature for pressures up 
to and including 70 bar; above this pressure the specific iniemal energy is not 
tabula led. For reference the saturation umperature is inserted in bracheu under 
each pressure in the superheat tahies and values of u,, u,, h, and s, are also 
given. A specimen row of values is shown in Table 2.2. For example, from 
supcrheal tables at 20 tar and 400'C the specific volume is 0.1 $11 m'/kg and 
the enthalpy is 3248 kj/kg 

For pressures above 70 bar the internal energy can be found when required 
using equation (1.9), For example, steam at 80 bar. 400‘C has an enthalpy, ft. 


TsMe 12 Exirsei from 
uiblee of properties of 
supcThcaicd steam at 
20 bar (saturation 
temperature 2I2A'C) 









2» 

300 

3$0 

4oa 

450 

500 

600 

r/(raVkg) 

aiiis 

ai2$$ 

0.1386 

ai$ii 

0.1634 

01756 

01995 

-.••(W/kg) 

2681 

2774 

2861 

2946 

3030 

3116 

3291 

V(k)/kg) 

2904 

)02$ 

3138 

3248 

3357 

3467 

3690 

s/(U/kgK) 

6547 

67M 

6957 

7.126 

7.283 

7.431 

7.701 
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Exsinpls 2.3 


Solution 


n|.2« 

E*rtisurc*speCTlic volume 
tfiagmm for 
Example 23 


Example 2.4 


Solution 


o(3l39U/kg am) a specific volume, e, of 3.4ZS x 10 ‘m’/kg. (herefore 


u-li-pe-3139- 


80 X 10* X 0034 28 
10 ' 


ic. u-3139 - 274.2 - 2B64.8U.'ki 


Steam at llObar luu a spedftc voluOK of 0.0196 m'/kg. calculate the 
lemperaiure. the spcciOc enihalp]', am) (he specific internal energy. 

First it is necessary to decide whether the steam is wet. dry saturated, or 
superheated. At 110 bar. i. • 0.01598 m'.'kg. which is lest than the actual 
tpeahe volume of 00196 m\’k^ and hence the steam is superheated. ITie slate 
of the steam is shown as point A of Fig. 2.6 



From the superheat taUes at 110 bar, the specific volume is 0.0196 m'/kg 
at a (emperalure of 350'C. Hence this is the isothermal which passes through 
point A as shown. The degree of superheat in this ease is 350 - 318 - 32 K. 
From tables the eolhalpy. A. is 2889 U.kg Then using equation 11.9), we have 


> 8 - pr - 2889 - 


IlOx 10’X 0.0196 
10 * 


i«. u - 2889 - 215.6 - 267X4 kJ 'kg 


Steam at ISObur has a specific enthalpy of 3309kJ/kg. Calcululc the 
temperature, the specific volume, and the specihe internal energy 


At 150 bar. A, * 2611 kJ/kg. which is less than the actual enthalpy of 3309 kJ/kg, 
and hence the steam is superheated. From superheat tables a1 ISOhar. 
AB3309kJ;kg at a (emperalure of 500'C. The specific volume is 
t 0.02078 m'/kg. Using equation f 1.91 


,309 - ■» 
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Inwpof^thn 

For properties which are oot Ubulaied cxacUy in the tables it is necessary to 
iAterpobie between the values uhulaied. For example, to had the temperature^ 
specific volume, internal energy, and enthalpy of dry saturated steam at 9.S bar, 
it is necessary to interpolate between the values given in the tables. 

i,Bi9.8t«r-(i,<l9bar| + ^^|.^^ x {(t,ailObar) - ((,«t9bv)j 

Nolcih.l this auuincs a linear variaiion between the two valuea<NeFit. 2.7), 

Le. f,-I7}.4 + ^?1^^ x(179.9- 175.4) 


FI|. 2.7 rnKTpolation 
Tol Example 1 * 



iheccbre 

r, = I7S.4 + 0S X 45> I79*C 
Sjmiiariy. 

Ii, al 9.8 bar a |8, al 9 bar) ■. 0.8 x (A, at 10 bar - A, at 9 bar) 

U. A, at 9.8 bar « 2774 + 08 x (2778 - 2774) 

- 2774 + 08 X 4 > 2777.2 kJ/kg 

Abo. II, at 9.8 bar-258)+0.8(3584 - 2581) 

- 258) + (08 X 3). 2583.4 k)/kg 

As another eiample consider sienin at 5 bar and 320'C The steam is 
superheated since the saluralion temperature at 5 bar is 151.8‘C, but to And 
the specific vedume and cnthalpj’ an interpolation is necessary. 
e>(cat 5bar and 3(X)’C) 

20 

s. —(c al 5 bar and 350°C — p al 5 bar and 300’C) 
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Table U Table 
showing a double 
mterpolalion 


Example 2.6 


iherefore 

V - a5226 + 0.4<a570l - 0.$226) 

- a$226 + 0.019 - 0J41« m'/kg 

Sunil&rly. 

h • WS + 0.4|}I68 - W6S) > M6S 4 41.2 
>.c. A > 3106.2 U;ki 

In sonM c»a a double intcrpolalion b necessary. For esampk. lo find (he 
enthalpy of superhealed steam at IS.3 bar and 432’C an interpolation between 
15 bat and 20 bar u necessary, and iotetpolaiion between 400'C and 450'C 
■c also necessary. A tabular presentation u usually betier In such cates 
(Table 13). First find the enthalpy at IS bar and 432 *C 

A - 3256 4 ^(3364 - 3256) - 3256 4 0.64 x 108 

ix. A > 3325.1 kj. kg 


Pmsure 


Tcmpentujv (’C) 

(bar) 

400 

432 

4S0 

ISO 

A/(kJ,kg) 

3256 

*1 

3364 

185 

A/|kJ/kg) 


'f 


200 

A'lU.'kg) 

3242 

'f 

3357 


Now find the enthalpy at 20 bat. 432 'C, 

A = 3248 4 064(3357 - 3248) • 3248 + 0.64 x 109 
Le. A-33l7JU/kg 

Now interpolate between A at 15 bar, 432‘C. and A at 20 bar. 432‘C in order 
lofindAat 18.5 bar. 432‘C 

i.e A • 3325.1 - y(3325.1 - 3317.8) 

(Note the negative sign in thb case since A at 15 bar. 432*C is larger than A at 
20 bar. 432-C.) Then 

A el l8.5bar,432°Cw»25.l -(07 x 7.3) • 3320 kJ/kg 


Sketch a pressure-volume diagram for steam and mark on it the following 
points, labelling clearly the pressure, specific volume and temperature of each 
point. 

(a) p»20bar.»-25O''' 
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|b) (- 2114'C • - O.OM52 ■*/ki 
(c) f-10b«r,4-24MU/l(| 


Sekrtiofi Al lOterdic laninu 


ii 1I14*C, benca the iiaun a 


uperbeucduiUO'CTbabea ubte r-O.III5n’/k|. 

feM (h); Al 2124‘C the Htunliob prmiir a 20 btr isd >, it OJDKI oi'/ki. 

Tberdon the ifctni a jiw diy teiureicd tiaee • • e,. 

fom (a): At lObv, h, ■ 277tlJ/h^ thoRfMc the neta h wci ttoB 

h-2tnu/h|. Skae the w*B it vo, the itBpenuitn it ibt uiutaiioii 

icroptnivtc tt lObbr.it. (« ITf.O'C Thtdoant ftaciion caa bt found from 

tquuanilli 


«hcrafofT 



Ttai frem (XI) 


»m^y7 M (Ll»44«ail2BVkt 

PoiMt At 6 iNir. n U/l^ iheftfe j * rcud ii uiperimied. met 
iliftfhmtet Ii *3146 kJ/k^ Hacc freo uUsu 6hv ud A * 3l66kJ/lcg 
the tenpentore it 3S0*Q tad theqscdfie veriume it (1474J D^/kf. 

Tks pvtai* <>V (^1) te4 (d) aa earn be durked on a diaffAffi w 

thown m fi^ 2A 


r^U SolBlMAfiv 
Exuipk 13 
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i.i Tht p*rf«ct ••• 


ExampI* 2.6 Calculate the ioternal energy foreadt of the four states given in Ei ample 2.5. 

So/u(/on (a) The steam is superheated at 20 bar, 250 '*C, 

U 11*2681 U/kg 

(b) The sieam is dry setureied al 20 bar, 

U ii>ii,-2«OOU/k( 

(<) The steam is wet at 10 bar with x “ 0.93T Therefore 
a • (I - a)u, -f XU, from equation (2.3) 

Le. u-H -0.937)762-f (0.937 a 2SS4)-2470 U/kg 

(d) The steam is superheated at 6 bar, 350 ‘C, 

i«. u-2S8]kJ/kg 

Exampla 2.7 Using the properties of ammonia given in ret 2.1, calculate: 

(i) the enthalpy al 1.902 bar. dryness fractioD 095; 

(U) the enthalpy al 8.57 bar, 60 °C 

Solution (i) From equation (12) 

h - h, + X*,, 

Therefore, at 1.902 bar, 

A - 89.8 + 0.9S( 1420.0 - 89.8) 

- 1353.5 kJ/kg 

(ii) Al 8.570bar the saturation temperature is 20°C so the ammonia at 60°C 
is superbeaied by (60 — 20) = 40 K. It is therefore necessary to interpolate to 
find the enthalpy. 

U. A> I4616 + ^x(1597.2- 14616) 

> 1570.3 U/kg 


2.3 The parfect gas 

Tha eharaetarittic equation of atata 

At temperatures that are considerably in excess of the critical temperature of 
a fluid, and also at very low pinssuies, the vapour of (he fluid tends to obey 
the equation 

pr 

— « constant * R 
T 
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No gaits in praclice obey Ihii lew rigidly, bui many gates lend lowards il. An 
imaginary ideal gas which obeys the law is called a ptrfett gas. and the equation, 
fc/T ~ R. is called the characteristic cquauon of stale of a perfect gas. The 
constant, R, is called the sptcifie gas coitsiani. The units of K are N m/kg K or 
kJi'kg K. Each perfect gas has a diRetenl speoAc gai constant. 

TIk charactertslic equation is usually witiien 

pt-RT (15) 

or for a mass, m, occupying a volume, V, 

pVmmRT ( 2 . 6 ) 

Another fomi of the charaeierislic equation can be derived using the amounr 
0 /subaajtct (sometimes called the mole). The amount of substance ii defined 
by the 197] General Conference of Weights aitd Measures (COPM) as follows: 

The amount of subslarsce of a system is that quantity which contains as 
many elemeoiary entities as there are atoms in 0.012 kg of carboi>*I2: the 
elementary entities must be specified and may be atoms, molecules, ions, 
electrons, or other particles, or specific groups cd such particles. 

The normal unit symbol used for the amount cd subitauce is 'mol'. In SI it 
is convenient to use 'kmol'. 

The mass of any substance per amount of substance is known as the molar 
moss, ^ i.e. 

A-- (17) 

n 

where at is the mass and n is the amount of substance. The norma] units used 
for ffl and n are kg and kmol, therefore the normal unit for A is kg/kmoL 

Relative masses of the various elements are cororoouiy us^, and physicists 
and chemists agreed in 1960(0 give the value of 12 lolhe isotope 12 of carbon 
(this led to the dcBniiioa of the amount of substance as above), A scale is thus 
obtained of referree aromte mass or relarioe moltcular mass (e.g. the relative 
atomic mass of the element oxygen is approximately 16 : the relative molecular 
mats of oxygen gas, O,, it approiimalcly 32) 

The relative molectilar mass a numerically equal to the molar mass, A, but 
it dimensionless. 

Subsiiluiiog for m from equation (17) in equation (2.6) gives 
pKwiNART or lAR- — 


Nowdeogodro'shypothrsfs stales that the volume of I mol of any gat it the 
same as ihe volume of 1 intd of any oiber gas, when the gases are al the same 
lemperaiuR and preMure. Therefore Via It the tame for all gases at the same 
value of p and T. That is. Use quantity pV/nT is a cotulani for all gates. This 
constaoi is called the molar gas toiuiani, and is given (he symbol, K. 


mR 




or pf'wnSr 


( 18 ) 


eo 



2.3 Th« perfect QiS 


or since mR » R ihen 

fl = T (2-«) 

m 

The \alue or R has been shown lo be 83I4.S N m ‘kmol K. 

From equatlan(2.9|ihcspecjf>c gas consuinifor any gas can be found when 
Ihe molar mass is known, c.g. for otygen of molar mass 32 kg,'kmol. ihe specific 
gas consluni 

R.i. . 25943 N m,/kg K 

A 


Enample 2.8 A vessel of volume 0.2 m’coniains niirogen as 1.013 bar and 15‘C. If 0.2 kg 
of nitrogen is now pumped inlo the vessel, calculate the new pressure when 
the vessel has retard to its initial temperature. The molar mass of nitrogen 
is 28 kg/kmoL and it may be assumed to be a perfect gas. 

Solution From esjuailon 12.9) 

R 8314 5 

Specific gii$ consunu R ss — s -s 296.9S N m/kg K 

n 28 


From cquatioD (2i»)i for ihe loiiUl coadiiions 
p,K, =i>i,f!T, 
therefore 


, P.F. 

' *T, 


1013 » 10’ Kft2 
296.95 X 288 


= 0237 kg 


where T, • 15 + 273 » 2g8 K 

The mass of niirogen added is 04 kg. heiMC ei] a 0.2 + 0.237 = 0.437 kg 
Then from equation f26X for the final conditions 


but V, • V, and T, • T,. therefore 

1,87, a43 7 X 296.95 x 288 

" S', * 10’ X 0.2 

i«. P]wI47tiar 


Example 2,9 A certain perfect gas of mass O.OI kg occupies a vtdume of 0.003 m’ at a 
pressure of 7 bar and a temperature (rfl31'C. The gas is allowed to expand 
until the pressure is I bar and the final volume is 042 m’ Calculate: 

|i) the molar moss of the gas; 

(ii) the final temperaium. 
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Jh% WorUng Plu4d 


Sofudon 


(i) From equAtioD (Z6) 


p,K. -BtRT, 
thereTore 


A 


^ 7 X I0» M aOQ} 
mr, " aoi X 404 


$20 N m/kg K 


where T, • 131 -f 273 • 404 K. 
Then fiMD equalioB (19) 



ibercTore 

* “ I “ “ '* 

n ^2U 


MoUi miss s 16 kf/knK^ 
(ii) From equiliOD <16) 

p,4',»niAr, 

therefore 


T2 


p^y, I X 10’X 002 
nA " OOI X S20 


384.$ K 


i.e Pioal temperature K 384,5 — 273 * 11 l.S’C 


Specific heat capacity 

The ipecific heal capacity of a lolid or liquid is usually defised as the beat 
requited to raise uiiil mass through ooe dqree (empenture riK. We have 
d^ * mcdTI where m is (he mass, dT* is the increase in temperature, and e is 
(he specific heal capacity. For a gu theft are an iniinile number of ways in 
which heal may be add^ betwceo iwo lemperaturci, and hence a gas could 
have an infioiic number of specific heat capadliaa. However, only (wo specific 
heal capacilies for gases are defined; the specific beat capacity at coniunt 
volume. c„ and the specific heat capacily at conilaiil preuure, c,. 

The definition must be restricted to teve rsi bi e non-flow processes, since 
irreversibiUties on cause temperature changes which arc indistinguishable from 
those due to levessible heal and work quantities. Specific heal capacities can 
be introduced more rigorously as properties of a fluid. We have in the limit 



A more rigorous treatment is given in ref 2J. 
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2.3 Th» 


We caa wriie: 

iQ-me,4T for » reversiUe non-flow process nl coostanl pressure 

( 2 . 10 ) 

and 

dQ - nic.dr for a leversibis non-flow process al eoniiaoi volume 

( 2 . 11 ) 

For a perfeci gas ihe values of e, and c, are constant for any one gas at all 
pressures and tempe ra tures. Hence integrating equations (210) and (211) we 
liave (or a reversible constant pressure proceu 

C-mc,(T,-T,) (212) 

for a reversible conslanl volume process 

(2-nc,(T,-r.) (213) 

For real gases, c, and c, vary with lemperatuie. but for most practical purposes 
a suitable average value may be used. 


Joule's Isw 

Joule's law states that tbe intcraal energy of a perfect gas is a function of the 
absolute temperature only, ie. k « f( 7% To evaluate this function let unit mass 
of a perfect gas be beared at constant volume. From the non-flow energy 
equaiioa (1-5), 

de + dH'.du 

Since the volume remains conslanl then no work is done. Le. dlF - 0. therefore 
dQ ■ du 

At constant volume for a perfect gas. from equation (21IX for unit mass, 
dfi-f.dT 

Therefore. dQ > du • c, iT. and integrating 
u-e,T*K 
where K n a coostanl. 

Joule's law slates lhal uw IfTX hence il follows that the internal energy 
varies linearly with absoluie temperature. Internal energy can be made aero at 
any arbitrary refesence temperature. For a perfect gas it can be assumed that 
u « () when 7*0; hence Ihe conslanl JC is aero, 

Le. Specific intemal energy, u w e,T for a perfect gas (2.14) 

or for mass. m. of a perfect gas. 

Inlemal energy, f/w mc.T (215) 
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Th* Working Fluid 


In any process for a perfeci gas. between states I and 2. we have froin equation 
(2-15). 

Gain in iolemalenergy, V, - U, ~ mc.lTj - Til (116> 

The gam of internal energy fora perfect gas between two states is always ^ven 
by equation ( 2 . 161 , for any process, reversible or irreversible. 


Ralationnhip batwean tha apacific haat eapaeltiaa 

Let a perfect gas be healed at constant pressure from T, to T,. From the 
non-flow equation (1.4), Q + Hr aftTg - (/i). Aho. for a perfeci gas, from 
equation (2.I6K I/g — tf| * eie,(rg — T|). Hence. 

C-rH'wmc.ITg-T.I 

In a constant pressure process the work dorw is given by the pressure times 
the change in volume, in. W »-p( F, - F,). Then using equation (2.6), 
pkg B mUTg and pF, * milT,, we have 

IF- -m«(T, - r,) 

Therefore substituting 

(2-»R(rg-T,) = «c,(ri-T.) 

therefore 

C-iit(e.-i.R)(r,-r,) 

But for a constant pressure process frcmi equation (2.12) 

C.»sc,(T,-T,) 

Hence by equating the two eapressinns for the heat flow, Q. we have 
m(c. * *)(T, - T,)» - T ,) 

therefote 

e, -t- R - f, 

or c,-c,«R (2.17) 


Spacific enthalpy of a perfect gas 

From equalioo (1.9), specific enlhaJpy. h ^ u + pv. 

For a perfect gas. from equatioo IZ5), pn « RF Also for a perfect gas. from 
Joule's law. equation (2.14). u - c.T Hence, substituting 

h-c.T + RT»(c.-FR)T 
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2.3 Tha p*ff«et gu 


But frtm equalioo (2.17) 

c, — e,-R or «, + fi - c, 

Thertrore, ipedfk enihalpy, A, for a perfect gai b given by 

b»i:,T (218) 

For mats, m, of a perfect gas 

H-mc,T (219) 

(Note that, since it has been assumed that u - Oat ri>0.lhenh Oat 7 >0.) 


Ratio of spocific haat capacities 


The ratio of the spedftc heat capadly at coostaal ptessurc to the specific heat 
capacity at consiaot tolume b given the symbol y (gamma), 


ie. y = ^t (220) 

c. 

Note that since c, — c, « R. from equation (217), it is clear that must be 
greater than c. for any perfect gas. It follows Ihcrefocc that the ratio, c,/c^ - y, 
is always greater than unity, io general; b about 1.4 for dialomic gases such 
as carlton moDoiide (COX hydrogen <H|X nicropn (N,X and oaygen (O,) 
For inoiioalomic gases such as argon (AX and liefium (HeX 7 b about 1.6, and 
for triatomic gases such as carbon dioaidc (COjX and sulphur dioxide (SOiX 
yb about 1.2 For some hydrocarbons the value erfy b qoite low(e.g for ethane 
(CjHaX 7” 122 and for bc^oune (C^HuX y “ l-HX 

Some useful relationships between c^, r,, Jl, and y can be derived. From 
equation (217| 


V, — c, = R 
Dividing through by e. 



t'f S’, 


Therefore using equation (2I7X y • c^r„ then. 



c, 

therefore 


R 

'■"( 7 - 1 ) 


i221) 


Also from equation (2JOX ~ ye*, hence, substituting in equation 12.21 X 




rn 

(7-n 


( 222 ) 


6 S 



Th* Working FluW 


Examplt 2,10 


Solution 


Example 2.11 


Solution 


A certaio perfect gas has specific beat capadlies as follows: 

e,-0.»46U/k|K and e.-OfiJIU/ligK 
Calculale the gas constaai and the molar mass of the gas. 
From equatMn (2.11) 
e, - c. • R 

Le. R>0.S4fi-0.657-amU/l:|K>l89Nm/k|IC 
From equation (2.9) 



ix. A « B 44 kg/kmol 


A peilxt gas has a molar mass of 26 kg/kmol and a value of 1.26. 
Calculale iIk beat njecled: 

(i) when usul mass of tbe gas is coolaioed in a rigid vessd at 3 bar and 
313 *C. and is then cooled untQ the pressure falls to 1.5 bar; 

(ii| when unit mass flow rate of the gas cDiers a pipeline at 2S0 °C, and flows 
steadily to tbe end of the pipe where tbe temperature it 2)‘C. Neglect 
changes in velocity of the gat in tbe pipeline. 

From equation (29| 

R _ ! _ . 319.1 N ffl/kg K 

A 26 


From equation (2.21) 

R 319.fi 

'’"(y-l)"l0*(IJ6-l) 
Also from equation (Z20) 


1.229 U/kgK 



therefore 

c, - ye. - 1.26 X 1.229 - 1.548 kJ/kg K 
(i)T1ie volume remains constant for the mass of gas present, and hence the 
specific volume remaiiu constant From equation (2.5k 
p,r,-RT, an-t pjc,-RTj 
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^oMwnt 


Therefore since C| » «'e have 

r. - T. ^ - 5M X — . 2M K. 

Cl 3 

where r,>3l5 + 273>SSSK. 

Then from equation (2.131 

Keaiiupplledperkgofgu > e,(r] - T|)w 1.229(294 - 388) 

- -1.229 X 294 - -261 kJ/kg 
Le. Heat rejecictl per kllogmn ofgas-+361 kj/kg 
(ii) Fiocn (he siead)-flow energy equation, ll.lOX 

■*(*1 + + fi + • J ' “ + y ^ 

In (hU CUM we are told that changes in velociiy are negligible: also there is no 

work done. 

Therefore we hate 

mAi + 6 » mhj 

For a perfect gas, from equation (218) 

h = c,r 

therefore 

Q = ilK,tT,-T^)=l X 1.348(20 - 280)= -403kW 
ie. Heat r q ected per kilogram per second * +403 kW 
Note that it is not necessary to convert r, « 280''C and tj w 20^C into degrees 
Kelvin, since the tempcralure difference (I, — tjib numerically the same as the 
temperature difference |T| - TjL 


Problems 

(Note: the answers to these problems have been evaluated uiin| the labies of Rogers 
and hfayliew <tef 21) The values of R. c,, c,. sod 7 for air may be assumed to 
b<iiai>enif<ilwuUa(i<.R-<12S7U/k|K;<,-I.OOSW/k|K:c.-a’l 8 kJ/k|K: 
and 7 m 1.4) For any other perfect gu the vihsea of R, c,, e,, and 7 , if required, must 
he calculated from 1 ^ iafenuiion given in the problem: the value of A it given In the 
lablm (rel 2 . 1 )} 

2.1 Compleie Table 14 |p4a) using ticaoi labfea Insen s dash for Irrelevant Hems, and 
inlerpoJals where necessary. 

Ires TaUe 26, p. ») 

A vessel of volunne 0.03 m’ contaiai dry seiuraied steam at 17 bar Calculate the 
mass of steam m the v es s el and the cothalpy of this mass 

(0.137 kg:7l8kJ| 
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Th* WorklAfl Fluid 


TiMe 14 Dau for 
Problem 11 


p 

(bar) 

; 

CC) 

a 

X 

Degree of 
superheat 

It 

u 


lkJ/k() 

(ki/kgl 


90 

1361 





» 





2799 


S 


a3363 






lU 





24CC 

u 



0.9 





ii.3 


045 




3 

200 






li 


0.152 





ISO 





3335 



230 

I.UI 





312 



01 





297 


a95 




13 

300 






44 

410 







The compleied uUe is frveo on p. 50 os Table 16. 


U Sceam ac 7 bar and 250‘C cam a japelbic and flows along it ac constanl pressure. 
If tbe steam re j eoa beat steadily to the sarrouiHliags. at wbat temperature will droplets 
of water began to fom In the vapour? Using the steady-flow energy equaiiotv and 
oegjecliag chaaga in vclociiy oT the steam, calculate ibe heat reiected per kilogram of 
steam flowing. 

fl65X: ]9IU/kg) 


24 (205 kg of steam al 15 bar is eoolained io a rigid vessel of volume 0.0076 What 

is the temperaiure of the eieam? If (be vend b cooled, at what lemperalure will the 
steaiD be just dry latunted? Cooliog is contmued until the pressure in the vessel is 
11 bar; ealculaie the Anal dryness fraciioQ of the tieam, and the heat rejected between 
the iaiiial aitd the fuaJ stalea 

{250X: 191.4 *C;a857; 115 ki) 


2 .S Using the tables for ammoma gives in ret 11. calculate: 

1 1 ) (he apecifle enthalpy and tpeeiflc vdune of amnsonia at 0.7177 bet. d ryneu fraciioo 
0.9; 

(d) (be spedfic enthalpy and specific voiume of anunonia at U^C taiuraied; 
fih) the ipedfic enthalpy of ammonia at 7.529 bar, )0*C. 

(l2JlkJ/kt. l.»7iii’/kt:Mi’l<J/kg.aiS6«m*/l>S; l49i.SkJ/k|) 


24 Using the property viJua for Rfngcnni HFA l)4e given in Table 15. calculate: 

(i| tbespedfieenlhalpyaiidspcdficvohiineofHFA l^at >6 X. dry ness fraction 0,85; 
(ill the specific enthalpy of HFA 134a at 17024 bat. 35'C 

<259.96 U/kg. 0J)n5mVk8: 323.25 kJ/kg) 
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Table l£ Daia for 
Problem 1$ 


ProWerm 







Superheat 
values degree 
of superheat 

Saturation values 




20K 



Vg 

K 

*. 

k 

cci 

lb»r) 


(U/kO 


|U/k|) 

-10 

100)1 

0096 

U.96 

288M 

20864 

-5 

14)71 

0011 

9)46 

291.77 

212.0) 

» 

).70M 

0036 

126.92 

206.22 

228.9) 


8.7 The rdeiivt mokculer mas of carboo dioi«4e» COj. ii 44. la lo expenmeni ihe 
value of 7 for COj *as fouAd to be IJ. Asumini that COj ii a perfeci |ai, calculate 
the epefific pi coBsufit, A. aad ibe ipedAc beat capoatiet ai conaiaot pmiure and 
coniuai volume, f, and c«. 

(a]89U/k8K;0il9U/k8K; 063 U/ksK) 

8.1 Calculate tbe iniemal eoerg) ofud eoibolpy of 1 k| of oir occupying 0.0$ at 20 bar. 
If ihe cniernaJ cactgy is increased by 120 kJ as ibe air is compressed to $0 bar, calculate 
Ibe new vdume occupied by I kg of tbe art. 

(2$ai kJ/kg; 3S0.1 U/kg; 0.0296 m^) 

8J Oxygeo. O], at 200 bar is to be stored ia a steel vessel at 20 *C. The capadiy of the 
vessel is 0.04 in*. Auumaag that 0} is a pe rfect gas. calculate tbe mass of oxygeo 
that can be stored to tbe vessel. Tbe vessel is protected aghast excessive pressure by 
a fusible plug whsefa will hkIi if tbe temperature rices loo high. At what leinperature 
must Ibe plug racli to iriDh (be pressure in the vessel to 240 bar? Tbe molar moss of 
oiygCA is J2kg/kn^ 

(10,Skg;7g,6*C) 

2.10 When a certaio perfect gas is heated at cotwaoi pressure from l$*C to 95 *C, the heat 
required ci M36kJ/k^ Wbea the same gas is bested at cossioai volume betweea 
Ibe sane temperatum tbe beat required b 801U/kg. Calculate c^, c,, y. R ood ihe 
molar moos of the gaa 

< lO U/ k| K; la I U /kg K; 1.405; 4.1 kJ /kg K: 2028 kg/kmol ) 

2.11 In an air eompressor the pressutts at inlet and ouUet are I bar ood $ bar respeciittly. 
Tbe letnperaiurt of ibe air at inlet is I5*C and the volume at the beginning of 
coopreoioh la three imo ihat at the end of compnsiioa Calculate the leaiperaiure 
of tbe air at outlet and the increase of Internal energy per kg of air. 

(207*Ci U8ki/kg) 

2.18 A quantity of a ceruio perfect gaa h compnssed from an initial stale o( OSXS a*. 
I bar to a final sutc of 0.034 m*. 19 bar. Tbe ^>ecifie beat at cooiianl volume Is 
0.724 U/kgK.and thetpctificbeaiat constant pressuien 1.0i20k5/kg K- Tbe observed 
leraperatDCC rise is 146 K. Celculate tbe epecsfic gas constant, R. the mass of gas 
present, and tbe ioetcase of iniernal energy of tbe gas. 

{0296 ki/kgK;4]lkg;11.63U) 
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TaWe 24 Solution to 

Problem 2.1 on p. 47 ^ * * -k • 

^ > — - Dejrec of 


(bar) 

I'CI 


X 

LuperheaC 

<U/88I 

(U/kJ) 

a?o 

90 

13«l 

1 

0 

2640 

2494 

» 

1114 

OJ399S7 

1 

0 

2799 

1600 

5 

ISIJ 

0J5t5 

a95i 


2646 

2471 

12 

186 

0.1441 

0.695 

— 

1574 

2400 

M 

240.9 

00529 

0.9 

— 

2627 

2447 

a5 

11.3 

175 

ais 

— 

2300 

2165 

] 

200 

OTI46 

— 

44.5 

2866 

2451 

15 

150 

0.152 

— 

51.7 

2925 

2697 

IN 

soo 

002447 


149.2 

3335 

H17 

1.5 

250 

1.401 


1314 

1973 

2733 

38.2 

243.0 

0.04175 

ai 

— 

2456 

2296 

6138 

297 

00216 

a95 

— 

2483 

2505 

13 

300 

1.184 


175.8 

M7I 

2808 

M 

420 

00496 

— 

I44J 

3254 

2952 
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3 


Reversible and Irreversible 
Processes 


Id the previoui chapters the energy equilions for non-ftow and flow procesies 
are derived, (he concepts of reversibility aod irreversibility iairoduced, and the 
properties of vapoun aod perfect gases dis c uss e d. It is ibe purpose of this 
chapter to consider processes in practice, and to combine this with the work 
of the previous chapters. 


3.1 Revdrsibl* non-flow procossos 
Constant volum« process 

In a constant volume process the workiog substance is contained in a rigid 
vessd, hence the boundaries of the system are immovable and no work can be 
done 00 or by tbe system, other than paddle-wheel work input It will be 
auumed that 'constant volume' im|dia aero work unleo slated otherwise. 
From tbe non-flow energy equation, 114). lor unit mats. 

Since no work is done, we therefore have 

e(3.1) 

or for mats, m, of the working lubstance 

QmUi-V, (3.2) 

All the heal supplied in a contiani volume proceir goes to ioereeting the interna! 
energy. 

A constant volume process Ibr a vapour is shown on a p-c diagram in 
Fig. S.lfa). The Initial and final states have been chosen to be in the wet region 
and superheat region respectively. In Fig 3.1(h) t consieni volume process it 
shown on a p-c diagram for a peifeci gat. For a perfect gas we have from 
equation (2.13) 

0»mc,(Tj - r.) 



R«v»rtJbl« And lrr«v«ralbl« Proffiin 



Conatant prMtur* procM* 


It can be seen from Figs Xl(t)an<l).l(b)lhal when the boundary of the system 
is infleubie as in a coosunt volume process, then the pressure rises when beat 
is supplied. Hence for a constant pressure process the boundary must move 
against an external resisiaoce as heal is sup^ied; for instance a fluid in a cylinder 
behind a piston can be made to undergo a constant pressure process. Since the 
piston is pushed Ihrou^ a certain distance by the force exerted by the fluid, 
then work is done by the fluid on its surroundings. 

From equatioo |U) for unit mass 


W 


= -f 


p dr for any revtisible process 


Therefore, since p is constant. 

-pfui-e,) 


W •« “F J " ~P 


From (he non-flow energy equation. (1.4L 

g + IP.o.-o, 

Hence for a reversible constant pressure process 

C-(uj -u,) + p(c, -e, )-(«,♦?»,)-(u, +pp,) 
Now from equation 11.9). enthalpy, h - ■ pr. hence, 
e-h,-*. 

or for mass, m, of a fluid. 


(3J) 


(3.4) 


A Gonitani pressure process for a vapour is shown on a p-e diagram in 
Fig. 3.2<al. iSe milial and final slalea have been chosen to be in the wet region 
and the superheat region respectively. In Fig 3.2(b) a constant pressure process 
for a perfect gas is shown on a p-e diagram. For a perfect gas we have from 
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3.1 R«v»r«ibl« Aon*flow procMSM 



equation (2.12). 

g-«c,(r,-ri) 

Note that in Fifs 32(a) and 3.2(b) (be shaded areas represent the work done 
by the fluid, pic^ — a| k 


Examplo 3>1 A mass of 0.05 kg a fluid is heated at a coostaot pressure of 2 bar uodJ 
the volume occuped is 0.0658 m Calculate the heat supplied and the work 
done: 


(i) when the fluid b steam. iaiiiaDy dry saturated; 
(b) when the fluid is air, initially at I30^C. 


Sofut/on (i) Initially the steam is dry saturated at 2 bar. hence, 
ai 2bars2707U/kg 

Finally the Ueam is at 2 bar aetd the specifle volume is given by 


0.065$ 

(MIS 


UlimVkt 


Hence (be ilcsm u lupcrheaied fiiuiUy. From (uperheat lables el 2b<ir and 
IJI6iii’/k| (be tenperaluie oi (he lUam ii SOO’C, and (he enthalpy li 
A,-sonu/kg. 

Then Trom cquaiion (}.4) 

e - H, - H, - m(A, - ft,) > O.OS(}(r72 - 2707) 

U Heat upplkd - OOS x MS - Ig.2S kJ 
The proccas b shown on a p-r diagram in Fig S.2, 

- W mp{Cf - ,,)• shaded area 

Now a, w B. at 2 bar • 0.8856 m^.'kg and a, * 1.SI6 m^/kg Therefore 
W--2X 10’(1.3I6-a88$6|> - 86080 N m/kg 
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fl«v«r$ibl4 •nd l/rvv«f*M« Procwiw 


F1f« Procca far ■ 
vipoiir for Euniplc 3.1 
on A ^8 ditgrvB 



14. Workdoiiei>llie(otdmutpRim "(XOS x 16080 

-4304Nia-4J04U 

(ik) Usinf equilioo (2.61 

,,y, 2«io»»o.«isg 

* “ ■«* “ a05 n 0287 X lO” ” 

For a perfect gas uodergoisg a coosuat preasutt process «e bavt. rrom 
equation (2.12), 

C-»c,(T,-T,) 

i.e. Heat supplied-00$ X 1X05(917-402) 

where T, = 130 + 273 - 40} K. 
in. Heat supplied - OOS x 1.005 x 514 - 2583 U 
The proceu is shown on a p-o diagram in Fig 3.4, ie. 

-H' -p(e, - V|)- shaded area 
From equation (Z5), pe - ATi therefore 

Work done - -R(r,-r,)- -0287(917 - 403) kJ/kg 
Le. Workdonehptlieoiaistffaspetent - 0.05 x 0.287 x 514 

- 7.38 U 


Fig. 38 Process Cor a 
perfect gu for 
Eeamptc 3.1 on a 
p-c diagram 
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XI Mil'flew procMM* 


Constant temperature or isothermal process 

A process at constant temperature b called an bothermal process When a fluid 
in a cylinder behind a piston eipands from a high pressure to a low pressure 
there is a tendeiKy for the temperature to fall, to an Isothermal expansion heal 
must be added continuously in order to keep the temperature at the initial 
value. Similarly in an isothermal compression heat must be removed from the 
fluid continuously during the process, An uoihermal process for a vapour is 
shown on a p-e diagram in Fig. 3.5. Tlte initial and float stales have been 
chosen in the wet region and superheat region respectively. From state I lo 
slate A the pressure remains at p,. since in the wet region the pressure and 
temperature arc the corresponding salurtiion values. It can be seen therefore 
that an isolbermal process for wet steam is also at cooslant presiure and 
equations (3.3) and (3.4) can be used (e.g heal supplied from stale 1 to stale 
A per kilogram of steam « Aa ~ the superheat repon the pressure falb 

lo P 2 as shown in Fig 3.S. and the procedure b not so simple When states I 
and 2 are fixed then the intemal energies Uj and Uj may be obtained from 
tables. When Ibe property entrt^y, s, b introduced in Chepter 4, a convenient 
way of evaluating the heal su^ied will be shown. When the heat flow b 
calculated the worit done can then be obtained using the non-flow energy 
equation. 1 1.4), for unit mass 

e + w-uj-u. 


Fig 3.5 Isolbermal 
process for a vapour on 
I p-e diagram 



Examplu 3.2 Steam at 7 bar and diyncss fraction 0.9 expands in a cylinder behind a piston 
isolhermally and reversibly to a pressure of IJ bar. Calculate the change of 
internal energy and tbediange of cnilialpy per kg of steam. The heat supplied 
during the proceu b found to be 547 kJ/kg by the method of Chapter 4. 
Calculate Ibe work done per kilogram of steam. 

Solution The process b shown in Fig 3.6. Tlte saturation temperature corresponding to 
7bar b I65*C Tlserefore the steam b superheated at stale 2. The inlcraal 
energy at slate 1 b found by using equation 2J. 

Le. u, -II -x)%-f XU,-(I -a9|x696 4(a9x2S73) 
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Fi|. 3.6 IsolbemaJ 
proccu on a 
p-v diagram for 
Etample 3.2 



thcrcTorc 

H, - M.6 + 23IS.T - 2US.3 U/k| 
iDlcrpolaciitf from superheat tables at l.S bar and 165‘Q we have 

■] - 25W + - 2580) - 2580 + 22.8 

U. a,»26018U/k( 

Therefore 

Cain in iotcmaJ energy = n, — u, = 2602.8 — 2385.3 
-217JkJ/k| 
h, - A, + xk,, - 697 + (0.9 x 2067) 
therefore 

A, > 697 1860.3 • 25573 U/kg 

Interpolating Erom superheat tables at 13 bar and 165 *C we have 

A, - 2773 + 15 ( 2*25 - 2773) -2773 + 30 

-2803kJ/kg 

in. A,-A,-2803 - 2557.3 - 245.7 U/kg 

From the non-flow energy equatiott,<1.4), 
e+»'-«,-«, 
therefore 

!»’•(«,-■,) - e- 217.5 - 547 - -329.5U/kg 
U. Work done Ay the system - 329.5 U/kg 

(The work output is also given by the area on Fig 33, dr; this could onl 
be evaluated graphically in this case.) 
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An iioihemul process for a perfect gas is more easily dealt with than an 
isolhermat process for a vapour, sinoe (here are deliniie laws for a perfect gas 
rdatiiig p, e. and 71 and the intenial energy a. We have, from equation (2.S), 

pv-Jtr 

Now when the temperature is constant as in an isothermal process then we have 
pvw RTw constant 

Therefwe for an isothennsl process for a perfect gat 

ppw constant (3.S) 


ie. Pi»i-pj»j 


In Fig. 1.7 an isothemsal compression process for a perfect gat it shown on 
a p-e diagram. The equation of the process is pr • constant, which is the 
equation of a hyperbola. Il mnai be stressed that an isolbennal prtMeu is only 
of the fomi pv • constant for a perfect gas. hccauK it it only for a peifeci gas 
that an equation of state, pe » RT, can be applied. 

From equation IU) we have for irnil mass 


W. 



p dr-(shaded area in Fig X7| 


Fig X7 IsotbennaJ 
process for a perfect gu 
on a p-e diagram 



In this ease, pn - constant, or p - e/t, where c - constant Therefore 

W.-J%^.-ctln.];'-cln(^) 

The eoAMaai e eta either be writun ee or e$ since ■ 
Pi Vi ■ coastaot. e. 

Lc. * B. e. lo| ^ I per unit fusi of tas (3.6) 

\ej/ 

or Wm PjPj ^ ^ ^ 
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For cnass> m, oC the gas 




Abo, >iiKC P|V, a p,C). Ihen 


Hence, sulntiluiini in cqualion 13-6) 

Ps 

IK - p,e, In — per unil mnis of (u 
Pi 

or for mass, m, of the pas 


(Jl) 


Usisg equation (25) 

Pi», -«T 

Hence, substituting in equation (3.8) 


W - firing—^ per unit mass of gas 
or for mass, m, of the gas 
H'-mRrin^—^ 


There are dearly a large aiunber of cq uatioos for Ihe work done. aiM) no auempt 
should be made to Deniorue these sutce they can all be derived very riaiply 
from (int priociples. 

For a perfect ga$ from Joule's law, equation (214), we have 

Hence for an isothermal process for a perfect gas. since • Tj. then 

U. the inienttienergy roDtinscoosuot in an boibennal process fora petfcci gai. 
Front the non-flow energy equation (1.4) Inr unil mats 

e + H'-uj-u, 

Tberefoce, since U] » U|, then 

e + H-.O (3.12) 

for an isothermal process for a perf^ gas. 

Note that the bni flow plus the work input is zero in an isoihetmal process 
for a perfect gas only. From Example 3.2 for steam it is seen that, although the 
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process ttuoihermal. the change IB iDierna] energy is 2l7.SkJ/kg. asd therefore 
the beat supplied plus the work done is not zero. 


EuBmpla 3.3 I kg of nitrogen (molar maM 28 kg/kmol) is compressed reversibly and 
isoihermally from I.OI bar, 20’C to 4J bar. Calculate the work done and 
the beat flow during the process. Assume nitrogen to be a petfeci gas. 


Solution From equation (2.9), for nitrogen. 


<1 8.2I4S 

5 “ 28 


a297U/kgK 


The process is shown on a p-e diagram in Fig 34, 


Fig 34 Isotheroial 
process on a 
p-p diagram for 
Ejumple U 



From equation (3.10) 

W - *Tlo^^^ - 0.297 X 293 K - >2* >J/k* 

where T - 20 -s- 273 - 293 K. 
ie. Work input - I24U/kg 

From equation (3.12), for an isotbermal process for a perfect gas. 
e + iF-o 
therefore 

Qm -l24lL;/kg 

i.e. Heat rejected ■ I24l(j,rkg 


3.2 Rovortsbl* sdiibatsc non-flow procosso* 


Aa aJiahiUic proctss is one lo which so heal b trans/emd lo or from rhe fluid 
during the process. Such a process can be cavenible or iTTevemUe. The reversible 
adiabatic doA'CIoa proem will be coAiidered in ihb section. 
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Flora Ihc non-flow cquntioo (1.4). 
e + IF = Uj - n, 
and for an adiabalic proceu 
e-0 

Therefore we have 

tF w V] - a, for any adiabauc non-flow procesa (3.U) 

Equalion (3.13) b (rue for an adiahaik non-flow proceu whether or not the 
proceu is rcvenibk. In an adiabatic compre u ion proceu all the wortt done on 
(he fluid goes to Increasing the ■niemal energy of (he fluid. Similarly in an 
adiabalic espansion process, (he work done by (he fluid is at (he expense of a 
reduction in the inIcrnaJ energy of (he fluid. For an adiabatic proceu to take 
place, perfect tbemiaJ insulation for tbe system must be available. 

For a vapour undergoing a rcvenibk adiabatic proceu the work done can 
be found from equation (3.13) by evaluating u, and Uj from tables. In order 
to fix stale 2. use must be made of ibe ba that the proceu b reversible and 
adiabalic. When the property entrt^y, s, u introduced in Chapter 4 it will be 
shown that a reversible adiabatic proceu takes ^ace at coosiani entropy, and 
(his fact can be used to fix state 1 

For a perfect gas. a law relating p arid c may be obtained For a cevenible 
adiabatic process, by constdering the nol^flow energy equation in diflcrcntial 

fonn. Prom cquadoo (1.4) for unit mass 

dQ + dH'sdu 

Abo for a revetsiUe proceu dlF^ —pde, bence for a reversible adiabatic 
process 

de-dn + pde-O (3.14) 

Since h ■ u 4* pc 
then dh * du 4* pdc + cdp 
■«. do 4 pde-dh - odp 


and henoi. using equation (XI4), 
dft- edp -0 
i.e. d*-pdp 


Also, using equations (2J) and (XI4). we have 

. «rde ^ 
du + — - 0 


(3-IJ) 


ao 


From equalion (114) 

u — c,T or du —c,dT 



^2 RmanJbto ftdUbat^e r«A>flow pf»c<tiei 


therefore 


..dT+SZ^.O 


Dividiog (brough by T lo give a form (hat can be UKegraled, Le. 
dT «dr ^ 

Integrating 

(, lo T + R In e a coiiMani 

Uuog equation |I$) we have 7 • (pel/R. therefore substituting 
c,Ia^^^ + Rin p -coDSlani 
Dividing through by c. 




p B coo 5 (an( 


Ako. from equation (2.2U 


(T-I) 

Hence substituting 

In 


or — = 7 — 1 


or 
therefore 


+ (r - 1) lo p = constant 
+ ln(o’"‘) - cauisuol 


ie. l"(^)-cc 


therefore 


si _ _ constant 


pc' m cxMsstant 


(3.16) 


We therefore have a simple relationship bciween p and u for any perfect gas 
undergoing a reversible adiahatic process, each perfect gas having its own value 

of 7. 
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Usiogequslioti<2.5),pv — RZicUtiooihips between Tand e.and Zand p, 
may be derived. 

i.e. pc « RT 
therefore 

RT 


Subeliiuiing in equation (XI6) 

, 

m conitaol 
c 

Le. 7k'*‘ m comiaoi (3.17) 

Abo, V • )RT)/p; hence whatilulini in equation (3.16) 

(RTY 

P ^—j • sonatant 


therefore 


r 


or • conctani (3.16) 

Tliereforc for a ceveniUe adiabatk procc w for a perfect gas between states I 
and 2 tw can erritt as fblloera From equation (3.16) 


£-te)’ 


Pici-Rifi or 
From equalioo (3.17) 

vr-M - » 

From equation (3.18) 


r. 


T, 


pV- 


P?' 


s-(sr 


(3.18) 


)3.») 


(3.21) 


Front equatioa (3.13) the work done in an adiabatic process per unit ntiis 
gas is given by H' ■ (a^ — M| 3 The gain in interna] energy of a perfect gas 

given by equation (2.163 

Le. for unit mass »,-a, >0.(7^ - Ti) 

therefore 


62 


W.c.(T,-T.) 


n-2. 



•diabatle nornflow preoMSM 


Abo, from equjtioo (2^1). 
R 


’ (y-i| 

Hence subnicutini 

^ «ir,-r.> 

(7-1) 

U>ia| equaiiOB |2J|. pt^ RT. 


^ P}P} - piCi 

7-1 


(3.22) 


(3.23) 


A tevenit>le adiabatic process for a perfect gas ii shown on a p-v diagram 
in Fig. 3.9. We have 


-■'-r 


fi^pm shaded tree 


Rf. X9 Revenibb 

ftdiftbtlic proceta for • 
perfect gas 00 a 
p-c diagram 



Therefore, sioce pr’ * comitsi, c, theo 

The constant in this equation can be written u p,e{ or ai pjvi. Hence 

„■ PseSri~’-p,»{e!'’ p,P,-p,c, 

7-1 7-1 

This is the same espeessioo obtained before as equation (3.23). 
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Exampl«3.4 1kg of steam al lOObar and }7J*C capands revenibly is a perfectly 
(hensiaJly i nitdaied cylmder behiad a piatoo uaiil ibe prasaure ii 38 bar artd 
(he steam is then dry saturated. Calculate the work done. 

Solution From auperbeai tablet at 100 bar and 373 *C, 

b, >30l7kJ/kg and e, ••OXlM33m’/k| 

Using cquatioB (1.9) 

u * b — pe 
ihereTott 


■ 3017- 


100 » I0« « (k02«33 
10 * 


• 2771.7 ki/kg 


Abo, I■,>•><,at38bar>2f0^k3/kg 

Since (he cylinder is perlectly tbermally iitsulaied (hen no heat flows to or from 
the steam during the expansion: the process is therefore adiabatic Using 
equation (3.13), 

H- - - a, - 2602 - 2771.7 

theiefore 


H'= -I69.7U/kl 

ie. Work done by (be steam = + 169.7 kj/kg 

Tbe process is sbownon a p-e diagram in Rg. 3.10, the shaded area repr esen ting 
(he work done by the steam. 


Fig. 3.16 Reversible 
adiabatk proceu for 
steam on a p-e dtmgrtm 
for Example 34 
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Enampl* 3,6 


Solution 


Air ai 1.02 bar, 22 °C. iniiially occupying a cylinder volume of 0.015 m^ la 
compreaaed revenibly and adiabalicaUy by a piston to a preasure of 6.S bar. 
CainiJale ibe final temperature, the final volume, and the worl: done on the 
tnaaa of air in the cylinder. 


From equation (X2I) 

i-ter'" ” —fej'"” 

-295 X 1.7195 - 507.3 K 
where r, - 22 + 273 - 295 K; 7 for air - 1.4. 
ie. Final t em perature ■ 507.3 — 273 • 2343 *C 
From equation (3.19) 


therefore 


p, \yJ V, \pj 

t 

0015 ^OgV"-* 

V, "1.1027 


3.877 


V,’ 


• 0.003 87 


therefore 

0015 
'3.877' 

Le. Final voluiBew 0.00387in‘ 

From equatioti (3.13), Ibr an adiabatic proceu 

H'-a.-t., 

and Ibr a perfect gaa, from cqtiatioii (214). u- c.Tper kg of gaa, therefore 
IF - c^T, - T.) - 0718(507,3 - 295) 

• 1514 U/kg 

U. Work input • 1514 U/k| 

ITk mas of air can be found using equation (16). pF m mUT Therefore 


p,e, 1.02 » 10* K 0015 


-0.0181 kg 


XT, 0287 X 10’ X 295 
ie. Total work done-00181 X 1514-176 kJ 

The process is shown on a p-e diagram in Fig. 311, the shaded area representing 
the work input per unit mass of air. 
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f1^3Ll1 Revcnibk 
•diabtHc process foe lir 
00 1 p-e dU^m for 
Euuople X5 



3.3 Polytropie proc«»MS 

II U found lhal many processa in pracUcs approximace to a reveraibk law of 
the form pc* - conatani. where n b a consunL Both vapour? and peifeci gases 
obey this type of law dosely in many non-Bow proce ss es. Such processes ate 
iniemaUy reversible. 

From equation (1.2) for any reversiUe (wocess, 



For a process in which pv* - constant, we have p - e/o*. where c is a constant. 
Therefore 



since the constant, c. can be written as p|C{ or as pjcJ. 

U. Work input >(}J 4 ) 
0 “ I 

Equation (324) is true for any srorking substance undergoing a revertibk 
polytropic process. It Mlows slso thst for soy polytropie process we can wrile 



Eaampla 3.6 At the commencement of compression in ()k reciprocating compressor of a 
refrigeration plant Use refrigerant is dry saluraled at l bar. The compression 
process follows tlw bw pc'*' » cotutanl uotil the pressure is 10 bar. Using 


TsUc XI Properties of 
itfrifEraiit for 
Eurnple 3.6 


Pofvtropio proceeiii 


SaiundoB vthMi 



Supertwti vsliM* 
t( 10 bar 



A. 

A, 

p 

A 

(bar) CO 

(n’/kl) 

lU/kgl 

(m'/kg) 

(kJ/kg) 

1 -30 

0.l<0 

19 

1742 



to 42 

OOll 

713 

2034 

0020 

2240 


(he propenkt of rcfritertni given in Table 3,1, iD(erpoltiiB| (vhert necauuy, 
cek^le: 

li) (he wotK done on the lefrigennt during (he process; 

(it) (be beet (reoalerrtd lo or from the cylinder walls during (he process. 


Solution (i) From Table 3.1, Oi * c^i » 0.16 /kg. We (ben have 



therefore 

r, - 0.1233 X 016 - 0019T3m’/kg 
From equntioa (3.24) 

^_ Ps»s-Fi'’i 

II - 1 

(| 10 X 001973)-(I X 016)1 

"t 1.1-I r 

. 37 300 N 0-37.31(3 

ie. Work done on (he refrigerant • 372 k3 


(ii) To And the heat (ransfesTed it is Arst necessary (o evaluate the internal 
energiet at (he end states. Using equation (1,9). A • a 4 pe, we have, 

-,742-(iJLi2^)-.ig.2kJ/k, 

Interpolating from superheat (ablet a( 10 bar, Pj -001973 m’/kg are have 

h,.203,,4»^x(224 - 2033i, 

' IO 03 -(U)lt) 

-221.3 kJ/kg 
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Then usioi cqualioo < 1.9) 

/lO X 10’x(U}l973^ 

B, = 221J -1-JJ5-j - 201.6 VJ/kg 

From eqiutioo (1.4) 

e+ 

ihercrorc 

Q- -37.3 + (201.6- l}82)-6.1 U/kg 

1.4. the heal iransfened from the cylinder walli to the refrigerant during ibe 
compreuion pcocen i> 6.1 kJ/kg. 


CoDsder now ibepoiyuopacprocetildra perfect gai From equation (15) 

KT 

pv « JIT or p • — 
e 

Hence, substituting is the equation pr* » constant, we have 
RT 

— p*scoi»(aAi Of 7V>*''scomiaoi (3^6) 

9 


Also, writing p « RT/p, we have 


/ktV T 

ri — 1 ■'Constant or •'constant (3.27) 

\ P / 

It can be seen that these equations are simUar to tbe equations (3.17) 
and(3.1g)fbf a reversible adiabatic process for a perfect gai In fact tbe reversible 
adiabaiic process for a perfect gas it a parlicviv case of a polyiropic process 
with the index, n. equal to y, 

Equations (326) and (3.^) can be written as 


and 



(3.a) 

(3.29) 


Note ibat equations (326), (327), (328) and (3.29) do not apply to a vapour 
uftdergcing a polytrofHC process, since the characteristic equation of state, 
pe - JtT which was used in the derivation of the equations, appbes only to a 
perfect gas. 

For a perfect gas expanding polytropKady it is sometimes more convenient 
to express the work input in terms of Ok temperatures at the end states. From 
equation (324) 


IF.lpjrj-p.«,)/("-!) 
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then, from equaiioo (IS), p,t, > AT, and pjc, = AT,. Hence. 
« — I 


or for mau. m. 


IK 


w«(ra-T,) 
n - 1 


(3.30) 


(3,31) 


Usini the non-Aow energy e4uaiion.|].4|. the heal flow during the process 
can be found. 

Le. C + IK• B) — B, «c,(T, — T,) 


le. 


«iWl) 

“ (n-l) 


r.(Ti-r,) 


From equation (2.21) 


c, 


A 

(7- I) 


Hence subsliluling 




(7-n 


(3i-T,)- 


A 




ir,-r,) 




A(r,-r,)(ri-i-r+ii 

(V-l)("-l) 


therefore 


/ ■.-y \ A(r,-r,) 

(«-l) 

Now from equation 1X30), IKw AfTj — - 1) per unit mass of gat, 

therefore 


{?- 



(3.32) 


Equation (3.32) is a eonvenieot and concise cxpreuion relating the heat 
supplied and the work input in a polyiropic process. In a compression process 
work if done on the gas. and hence the Icim IK it positive. Therefore it can be 
seen from equation (3.321 that when the polytropk index n is greater than y, 
in a compression process, then the right-hand tide of the equation is positive 
(ie. heat is suppUed during the process). Conversely, when n it less than y in 
a compression process, then heal is rejected by the gas. Similarly, the work 
input in an expansion process is negative, therefore when n is greater than /, 
in an expansion process, heat is rejected; and when m is less than y. In an 
expansion process, lieat must be supplied to the gas during the process. It was 
shown in section 13 that 7 for all perfect gases has a value greater than unily. 
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Eismple 3,7 


Solution 


1 kg of a peifect gas is compressed from l.l bar, 27'C according to a 
law pe'-’ — eonsiant, until the pressure is &6 bar. Calculate the heal flow to 
or from the cytinder waOt: 

(i) When the gas is ethane (adar mass 30kg/kmol), which hu 
c,-2.IOkJ/kgK. 

(U) When the gas is argon (moUr mass 40kg/kmol), which has 
c,-0J2OU/kgK. 


300 X 6* - 300 X 1JI2 - 433.6 K 


From equation (3.29), lot both ethane and argon, 

- ’■.-Kn)"" 

wbereT,-27 + 273 - 30DK. 

(i) From equation <29X R • H/A therefore, for elhaoe 

jl _ _ 0277 kJAg It 

Then bom equation (2.17), e, - c, - It, therefore 
e, - 210 - 0277 > 1.823 U/kg K 
where e, a 1.7SkJ/kgK for ethane. Then bom equation (220) 




210 


1.132 


c. 1223 
From equation |3J0) 

^_lt(r.-T.),0277 x(433.6-300),,^,^g^^^^ 


a — 1 

Then from equation (3J2) 


1.3-1 




La. Heat supplied m I3B.1 kJ/kg 
|ii) Using the tame method for argon we have 
12143 


Ji-- 


40 


• a208U/kgK 


Also c. - 0.320 - 0.208 - 0;3I2 U/kg K 
therefore 

0320 


y ’ 


0212 


- 1.667 


M 



9*9 Polytreple pfoctMW 


Then the work input Is given by 

^ . «(T.-r.) _ 0.2(«,(«3..-300) _ 


n — I 


IJ- J 


j.e. Heal rejected • S(.6U/kf 


lo a polyuopk proceu the iodei a depends only on the heat and wotlc 
quantities during the process The various processes considered in sections 3.1 
and 32 art special cases of the polytro|M process for a perfect gu. 

When n —0 

pir° • constant, Le. p •• constant 
When n • oo, 

pc* - constant or p''*c • constant, Le. e •conslaot 
When a - I 

pc • constanh in, T • constant 
since pc/T » constant for a perfect gas. 

When n — 7 

pc’ a constant, Le. reversible adiabatic 
This is ilhjstraied on a p-v diagram in Fig. 3.1Z Tbus, 

etatc I 10 state A is constant pressure cooling (n - 0) 
suie I to state B is isoibermal compression (a - I) 
sure I to stale C is reversible adiabatic compreesion (a • y) 

Kale 110 stale D is eoniiani voiurne heating (a • eo) 


Fig. 31] GenetaJ 
polytropk proeessca 
plotled on a 
p*D diagram 
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Similarly, I lo A' it coottaot pressure beaiing; I to B‘ is isoihennal eipaniion: 
I lo C is Kvcruble adiabatic eipaosioa: I lo D’ it constant volume cooling. 
Note that, since y is aJways greater than unity, then process i to C must lie 
between processes 1 lo B and I to Di similarly, process I to C must lie between 
processes I lo B' and 1 to D'. 

For a vapour a generaliraiion such at the above » not possible. A vapour 
may undergo a process according to a law pc - conslanl. In this case, since the 
chacBcterisiic equation of stale, pc • RT. does not apply to a vapour, then (he 
proceu is not isolhermaL Tables mutt be used to find the properties at the end 
slates, malting use of the fact that piOi -pjCj. Expansion of steam in a 
reciprocating engine is found to approsimaie to a hyperbolic expansion 
(pr - conslanl); such engines are rarely used nowadays. 


3.4 Ravsraible flow procOBMS 

Although fiow processes in practice are usually highly irreversible, it is sometimes 
convenleol lo assume (hat a Sow process is reversible in order lo provide an 
ideal comparison. An observer travelling with the flowing fluid would appear 
to see a change in ibemiodyoamic properties as in a non-flow process. For 
example, in a reversible adiabatic process for a perfect gas, an observer travelling 
wilb the gas would aniear to see a proces pc’ - constant taking place, but 
ibe work input would not be given by - f p du, or by the change io internal 

e33Cf^ gtv«o by eqtalioii (3.13^ Some work i* dooe by virtue of the force* 

aciingbetwecn the moving gts and Its surroundings. For example, fora reversible 
adiabatic Bow process for a perfect gas, from the flow equation (1.10), for unit 
mass flow reie 

Then stflce Q « 0 

Also, since the process is assumed to be reversible, then for a perfect gas. 
pc’ <• constant. This equation can be used to fix the end states. Note that even 
if the kinetic energy terns are negligibly small the work input in a reversible 
idiabtiic flow process between two stales is not equal to (be work input in a 
reversible adiabatic non-flow process beiireen the same states (given by 
equation (3.13) ns W • U] - ■,). 


Enampln 3.B A gas turbine receivet gases from Ibe combustion chamber al 7 bar and 
fiSO'C witha velocity of 9 n/a The gases leave the turbine al 1 bar with a 
velocity of 43 m/a Assuming that Ibe expansion is adiabatic and reversible 
in the ideal case, calculate (be power output per unit mass flow rate. For 
(be gases lake 7-1.333 and c,-l.ll U/kgK. 
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Solution Using ibc flow cqualioa for an adlabauc process 

For a parfiKi gas from equation (USX h - c,T. therefore. 

To find T] use equation (3,21 X 

l-fe). 


itwrefore 


i-(!) 


T,- 


T, 923 
1.626 ~ I.fi26 


- S67.7 K 


where T, - 630 + 273 = 923 K. 

Hence substituting for unit mass Row rate 


»i' = I X 1.11(567,7 - 923) + 


V 2 X 10* j 


therefore 


W = -3944 + a97= -393.4 kW 


ie. Power output per kilogram per second = 393.4 ItW 


Note that in Esampk 3g the kinetic energy change is small compared with the 
enthalpy change. Tliis is often the case in problemt on flow processes, and the 
change us kinetic energy can sometimes be taken (o be negligible. 

For a vapour undergoing a reversible adiabatic flow proceu the end slate 
is filed by equating the initial and final entropies (sec Ch. 4) 


3.6 lrr*v«ptibt« proe«*««a 

The criteria of leversibiliiy are slated in section 1.4. The equations of 
sections 3,1,3.2, and 3.3 can only be used when the process obeys the criteria 
of reversibility to a dose approximation. In processes in which a fluid is enclosed 
in a cylinder behind a piston, frvetion effects can be assumed to be negligible. 
However, in order to satisfy crilerion (cl in section 1.4 heat must never be 
transferred to or ftom the system through a finite temp er ature diflerence. Only 
in an isothermal process » this conceivable, since in all other processes the 
tempe ra ture of the system is continually changing during the process; in order 
to satisfy crilerion Ic) the temperature o! the cooling or bming medium eiiemal 
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(0 Che system would be requited to change cociespondingly. Ideally a way of 
achievioi reversibility can be imagined, but in practice it cannot even be 
approached as an anrroximalion. Nevertheless, if we accept inevitable 
irrevcnibililies in the sucTouodings, we can still have processes which are 
internally reversible. That is, the tytiem undergoes a proceu whKh can be 
reversed, but the sunoundings undergo an irreversible change. Most processes 
occurring in a cylinder behind a piston can be assumed to be internally reversible 
to a dose approsimalioo. and the equations of sections 3.1,3,2, and 3.3 can be 
used where applicable. Certain processes cannot be assumed to be internally 
reversible, and the imporunl cases will now be considered. 


Unreiiated. or frao, sxpanaion 

This proceu was mentioned in section U in order to show theiin an irrevetsibk 
proceu the worii doix is not given by -Jpde. Coiuider two vessels A and B, 
interconikected by a short pipe with a valve, and perfectly thermally insulated 
(see Fig. 3.13). Initially let Um vessel A be filled with a fluid at a certain pressure, 
and let B be complelely evacuated. When the valve is opened the fluid in A 
will eipand rapidly to fill both vessels A and B. The ptewure finally will be 
lower than Ibe inrtial preuurc in vessel A. This is known as an unresisted 
expansion or a free exparssion. The process is not reversiUe, since external woric 
would have to be done to restore (he fluid to its initial condition. The non'flow 
energy equation, (1.4), can be apfdied between the initial and final states, 

Le. g + IFw uj — u, 


Fig. 3.13 Two perfectly 
insulated mlerconoecced 
vessels 



Now in Ibis process no work is done on or by the fluid, unce the boundary of 
the system doa not move. No heal flows to or from the fluid since the system 
is well lagged. The proceu is therefore adiabatic, but irreversible, 

U. Hj - U| -0 or V} - u, 

In a free expansion therefore (be Imemal energy initially equals the intenial 
energy flnally. 

For a perfect gas, we have, from equation (2.14), 
u-c.T 

TTserefore for a free expansion of a perfect gas 
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That a, for a peifeci gas usdergoiog a bee eipangoD, ibe ioiiial lempeniure 
ii equal lo the final temperature. 

Exampla 3.9 Air at 20 bar b initiall]' contained in vcimI A of Fig. 3.13, tbe volume of 
whidi can be anutned to be 1 m*. TIk valve u opened and the air eapanda 
to fiO veateb A and B. Astunung that the veiacb are of equal volume, calculate 
the final prenure of tbe air. 

Solution For a perfect gat for a free eapauion. T, • Tj. Also from equation (2.6), 
py m mRT. beace p, V, > p, Fj. 

Now F, b the combined volumes of vesielt A and B. 

Le. F,> F«+F,> I + I-2ai' and F,>lm’ 

Therefore we have 

y 

Pi*'Pi * lObar 

*1 

Le. Rnal pressure « 10 bar 

Tbe process u shown on a p-e diagram in Fig 3.M. State i is filed at 20 bar 
and 1 when the mass of gas b known; slate 2 is fixed at 10 bar aitd 2m^ 
for the same mass of gas. The process between these states b irreversible and 
must be drawn dotted. The pcnnts I and 2 lie on an isothennal line, but the 
process between 1 and 2 cannot be called isothermal, since the intennediate 
temperatures are not tbe same throughout the process. There is no work done 
during the process, and the area under the dotted tine does not represent woik 
done. 


Fig 3.14 Irreversible 
process on a 
p-p diagram for 
Example 3.9 



Throttling 

A flow of fluid b said lo be Ihrollled when there b some reslriction to the flow, 
when the velocities before and alter the resirkiion are either equal or neglibly 
small, and when there is a negligible heal loss to the surroundings. The restriction 
to flow can be a partly open valve, an orifice, or any other sudden reduction 
in Ibe cross-section of the flow. 
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FI|, XIS ThrolUiaf 

proccu 


Exampis 3.10 


An nample of Ihrouling it tbowa in Fig. 3.IS. The fluid, flowing steadily 
alonga well-lagged [ripe, panes Ibrough an orifice at section X-X. Since the pipe 
is well lagged it can be assumed that no heat flows to or from the fluid. Tbe 
flow equation (l.IO) can be applied between any two sections of (he flow. 

Le. *^*1 + +fi + t*" 


Now since Q • 0, and W- 0. then 




D 


■ 



■ 

1 


1 

n 



When tbe velodhes C, and are small, or when is approximately equal 
to Cj. then tbe kinetic eoer^ terms may be oe^ecled. (Note that sections 1-1 
and 2-2 can be chosen well upstream and well downstream of the disturbance 
to the flow, so that this latter assumption Is justified. 1 Then h| ^ Therefore 

for a chrocttiog process> Che enthalpy miciaUy is equal to the eothaJpy finally. 

The process is ad>Abatlc> bui is highly irreversiMe because of the tidying of 
tbe fluid round the orifice at X-X Bctweco sectiom 1 -1 and X-X the enthalpy 
decreases and the kinetic energy increases as the fluid accelerates through the 
orifice. Between sections X-X and 2-2 the enthalpy increases as the kinetic 
energy U destroyed by fluid eddies. 

For a perfect gas, from equation (2.18),A*c,Z therefore, 

e,r,-c,T, or T, • T, 

For throttling of a perfect gav therefore, the leniperaiurc inilially equals ihe 
temperature finally. 

The process of ihroliling can be used to And the dryness fraction of steam. 
A sample of steam is drawn olf the steam main, pasted rbrough a mechanical 
separator, then through a throttle valve, artd finally through a condenser; Ihe 
water separated from the mechanical separator and the water from the condenser 
are weighed and Ihe dryness fraction cakulaied as shown in the following 
example. 


The dryness fraction of wet steam in a main is determined using a separating 
and Ihroliling calorimeter. Tbe pressure in the main is S bar; after Ihrouling 
Ihe steam pressure and lemperalure are 1.01)2) bar and I20'C: the water 
collected from the separator is at the rate of 0 .) kg/h. and that from the 
condenser at Ihe rate ofdkg/h. Making suitable assumplionv calculate the 
dryness fmetion of Ihe steam in the main. 
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Solution The atsumpiions mede are a< follows: oegligiblc pressure drop of steam ia the 
separator; no change d kinetic energy across the throttle valve; negligible 
heal loss lo the separator and in the throttling process 

Tbeproceasesareshownonaf-ediagram in Fig 3.16; process I-2 represents 
the separatiog process, process 2-} the tbrotUing process, and process 3-4 the 
condensing process. Process 2-3 is shown dolled susce the process is irreversible; 
no work b done during the process and the area under line 2-3 is not equal 
to work done. 


Fig 3.14 Processes on 
a p-vdiagratn lor 
Fjtarnple 3.10 



The enthalpy alter Ihrollling b obtained by interpolating from steam tables. 


k, = 2676 


1120 - 100 ) 


I ISO - 100) 
2716.4l.J''kg 


X (2777 - 2676) 


For an aJiohatic ihrollling process neglecting kinetic energy changes, hj = h^, 
thcKlorc using equation 12 . 2 ) 


Aj w Aj « A,, + ajA,,j 
therefore 


27164 - 640 
2109 


0.98S 


where k ,2 m 640 kj/kg and Ai,] • 2109 U.'kg are read from saturation tables 
at 5 bar. 

The mass Row rate of water in the steam at state 2 is therefore given by 
iA.,j w (1 — Xj) K (ijtass Row rale cl condensate I 
-II - 0.9gS|x 9-0.133kg,h 


Therefore the total mass Row rale of water in the steam sample Irom the main 
is given by Ihe mass How rale after separation, m.] plus the mass ol water 
separated, giscn as 0.3 kgib. 


i.e. m .1 - ai33 + 05 - 0635 kg h 
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The nuts flow nce of dcy vapour in the ample it therefore the loul tnau flow 
rate of (0.5 + 9|kf/h minui A,],(-0.63S kg/b| 

Le. Maa flow rate of dry vapoor in eample 

- as + 9 - a63S • flUS kg/b 

Theo the dryneafraclioii ia (be main ia the mau flow rate of dry vapour divided 
by the total maa flow rate. 


La. 


g-gflS 

*‘“(05 + 9) 


0.9}} 


Adiabatic miiiinfl 

Tbe muing of two tircamt of fluid it quite eomrooo in engineering practice, 
and can utually be auumed to occur a^batically. Contider two streams oft 
fluid mixing as shown in Fig. X17. Let the streams have mass flow rales iA| 
and A] and temperatures T, and 7^. Let (be resulting mixed stream have a 
temperature 7j. There is no beat flow to or from tbe fluid, and no worit it 
done, hence from (be flow equation, we have, neglecting dianges in kinetic 
energy, 

in|b| + iHjb} * ^s^s (}•}}) 



For a perfect gas, from equation (llfl). k > 0,7^ hence, 

Air^fi + 'hie»,7}«(diie^ + '*jr»,)fj 

Or, assuming (hat (he two streams 1 and 2 are of the ume fluid with the umc 
specific heat capacity, 

in,r, + 1*2 7, w(ifl, + Ih,)r, (3.34) 

Tbe mixing process is highly iircversible due to the large amount of eddying 
and churning o( Ibe fluid lhai uket place. 


3.6 Nonsteady-flow procasMS 
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There are many cases in practice when the rate of mass flow crossing the 
boundary of a system at inlet is ool (he ume as the rate of mass flow crossing 
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the bouDd^ry of the system at outlet Also, the rate At which work is done on 
or by the Auid. nod the rate nl which heat is transferred to or from the system 
is not necessatily eomtant with time. In a case of this kind the total energy of 
the system within the boundary is no longer constant, as it is in a steady'flow 
process, but varies with lime. 

Let the total energy of the system within the boundary at any instant be E. 
Ouriog a small lime interval let the mass eoteriitg the system be im,. and let 
the mass leaving the system be daij; let the beat suppli^ and the work input 
during the same lime be 6Q and 6W respectively. Consider a similar system to 
the one shown in Fig 1.22. Now, as shown in seclion l.t (p. 19), work is done 
at inlet and outlet in introducuig and espelling mass across the system 
boundaries, ie. at inlet 

Energy required <• fiffl,p,ei 
and at outlet 

Energy required * 

Also, as before, the energy of unit mass of the flowing fluid is given by 
(u, + C{/2 + Z,g)at inlet, and by (u, + Cj/2 + Z,glai outlet. Hence 

Energy entering system 

« dQ + AH' 4- dmjlir, + C,/2 + Zjg) + dm,p, 

ood 

Energy leaving system = d>n,(Hj 4- C|/2 4- Zjg) 4- 
Then, applying the first law. 

Energy eoicring - energy leaving = ioerease of energy of the system, d£ 
therefore 

dfi + W + dn,|u, 4- C}/2 4- Z,g 4- p,u,| 

- dmi(u, 4- C{,'2 ♦ Z,» + p,r,) • SE 

During a finite time the lolal heal transferred is given by > Q. and the 
total work done is given by ^6W - W. 

Let the initial mass within the system boundaries be m'. at a height, Z’, and 
the initial interna] energy be u'; let Ihe final mass within the boundaries at the 
end of (he time interval be m*, at a height. Z*. and the final internal energy 
be u*. Therefore 

£d£ - ni'lu- + Z-g) - m'fu- 4- Z'g) 

Therefore we have 

e + W +1 (u. + F. e. + C{/2 4- Z, ff)] 

- ^[^"jluj 4- p,rj 4- C}/2 4- Z,g)] 

4-m'(u'4-Z-g)-iii'(i<'4-2-») (3.351 
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or 

fl + M' + £i-i.(li, + Cj/2 + Z,9) 

• + 2,j)<-(m'i/* —ki'h') 

+ (m'Z‘t-mZt) (J.36) 

AIm, froRi coBUnuily of mass, 

Mass cDlcriog - man kaviag 

- incseasa of mass within sysiem boundaiy 

jAsi, - Jim, -m' (3.37) 

One of the most comatonly occurring problems involving the soniieady-flow 
equation is the filling of a bottle or reservoir from a source which is large in 
comparison with the bottle or reservoir. Figure 3,18 shows a typical example. 
It is assumed that the conditioo of the fluid in the pipeline is unchanged during 
the filling process. In this case there is no work done on the system boundary; 
also, no mass leaves the system during the process, hence im, > 0. 


hlg. 3.18 Filling a 

bottle or reservoir from 
a pipeliiw 


hpcIiK 


, ... Roesveir oc 

SssmbDuadei, 

.1-L-. 



SjtWfiP bowadvT 


Applyifli equaiMm (3J6X making ibe additional assumption that changes 
in poieniial energy are aero, and (hat the kinetic energy, CJ/2. is small compared 
with the enthalpy. A„ we have 

Q J(dm,h,) w m'b' — n'u' 

Or. since, fi, is constant during the process. 

C + h, Jfim, I - m"«" - m'u' 

In this case equation (3.37) becomes 
Jdm, m' - m' 

Hence substituting 

Q + fi,(in' - m’l “ m'a' — m'a' (3.38) 

It b often possible to assume that the process is adiabatic, and in that case we have 
^ m'l ■ m'u* — m'u' 

Or in words: 

Enthalpy of mass wfaicb enters the bottle 

- increase of iniemal energy of the system 


too 
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Exafnpis 3.11 A rigid vessel of vfriume lOm’ conuining steam at 2.1 bar and dryness 
fraction 0.9 is connected (o a pipeline, and steam is allowed to How from 
the pipeline into the vessel unlil the pressure and temperature in the vessel 
are 6 bat and 200'C respectively. The steam in the pipeline is at 10 bar and 
2S0*C throughout the process Calculate the heat transfer to or from the 
vessel during the process. 

Solution Using the notation previously introduced we have 

u’ - ui( I - 09) + (■; X 0.9) > SI I X 0.1 w 2S3I x 09 
U. u'.2329l:J/kg 

Also, ffl’ • y/s' • I0/O9r, - 10/(09 x 0.8461) - 13.13 kg 
The steam b superheated finally at 6 bar and 200°C. theiefore 
u' -2640kJ/kg 
and c'-03S22mVkg 

U. 10/03522 = 28.4 kg 

The steam in (lie pipeline b superheated at 10 bar and 2S0*C, hence 
h,-2944kJ/kg 
Then using equatiOD (3.38) 

Q + 2944(28.4 - 13.13) = <28.4 x 2640) - (13.13 x 2329) 
thcrefote 

6 = 74980 - 30590- 44940= -SSOU 
Le. Heal rejected from vessel = SSO kj 

Another commonly occurring example of the nonsteady.flow process is the 
case in wltich a vessel b opened to a large space and fluid b allowed to escape 
(Pig. 3.19). There is noworic done and in this case dm, = 0 since no mass enters 
the systeriL Neglecting changes in potential energy and applying equation 13.36): 

6 • £E<<"j(*a + CJ/2)] + (in’n' - mV) 


ng3.l» Fluid 

escaping from a vessel 



Symm haudjiry 




.-V 




The difficulty arising in this analysis is Ibai the state 2 of the mass leaving the 
vessel is coniiflually chao^og. and hence ii is impossible to evalusie the term 
+ C)/2)]. Ad approximation can be made in order to find the mass 
of fluid which leaves the ve ss el as the pressure drops lo a given value. 1 1 can 
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EiampU 3.12 


Sofudon 


Example 3.13 


bea&sumad ihai Ibe fluid remaining in (he vessd urkfergoes a ravertibie adiabaUc 
expansion. This U a good approxinatiiM if the vessel is wdl lagged, or if the 
duraCiofl of Ibe process a sbMt. Uiiog this assusipdon (be end state of (be fluid 
la (be vessel am be found, and bence ibe mast remaiaing to the vessel, m*. can 
be cakulaied. 


An air receiver of volume « m* (onuini air a( IS bar and 4aS*C A valve 
it opened and roree air ia allowed lo blow out to atmoiphere. Tbe preuure 
of the air in the leodver dropi rapidly (o 12 bar when the valve ii then dosed. 
Calculate the mass of air which has left the receiver. 


Initially 

af-i/VIRr 


15 « I0» K 6 
0J«7 X 10* X JIJ.5 


too kg 


Assuming that Ibe mass in the receiver undergoes a reversible adiabatic process, 
then using equation (X2I| 

tberefore 


r»3l3J/I.O$6s 294.1 K 
Hence m'= p'l'/«T*. 


0.287 X 10* X 294.1 


= 85.3 kg 


Therefore 


Mass of air which left receiver • 100 - 85J = 14.7 kg 


In the case of a vapour undergotog a revenibk adiabatic eipansion no 
equation such sslUlhas used above, hoidi true. It it nctestary to make uk 
of the property entropy, a which can be shown to remain coestanl during a 
reversible adiabatic process, ke. s' • s*. Then mini tablet the value of e* can 
be calculated and hence «* found (see Problem 4.22). 

At the beginning of the induction stroke of a petrol engine of compremlon 
mlio 8/1, the deamnee volume it occupied by residual gas at a temperature 
of 840'C and pcessum 1034 bar. The volume of mlslute induced during the 
stroke, measured il atmospheric conditions of 1.013 bar and 15‘C, Is 0.75 
of the cylinder swept volume. The mean pressure and temperature ia (he 
induction roinifoUl during induction is 0.965 bar and 27*C respectively, and 
the mean pressure in the cylinder during ibe induction stroke ii 0,828 bar. 
Calculate the temperulure and pressure of the miiture at Ibe end of the 
induction stroke assumiog the proce ss to be adiabatic. For the induced 
mistuR and final inulure lakec, - 0.718 kJ/kgK and R - 0.287 kJ/kgKj 
for the residual gas take c, - 0.840 kj/kg K and R . 0.296 kJ/kg K. 
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Solution 


l«t swept volume be V, and dearance volume be V,. Then 

K*K 


Conpieasioa ratio • - 


y. 


• 8 (see p. I3S) 


u K•^y. 

loitially tbe residual (as oecu^ ibe volume, V, - 1^/7, therefore 




i,oj4 K 10’ X y. 


^ - 0.044SK, leg 


«r 0 . 2 Mx 1113 X 7U 10 

where r-840 + 273- 1113 K. 

Also using equatioD (3.37) 

m' - m' - JAbi - £*>>j 
aixl Doling that in ibis esam^ £ jnij • 0. ere have 
1.013 X 10’ X 0.731; 




' 0287 X 288 X 10* 


0.91921; Vg 


iheicfore 


■I' - 0.9192V, + (X0448K - 0.964V. kg 

Changes in kinetic and poteotial energy can be neglected, and the process is 
adiabatic (Le. C — 9), bence applying equation (3J6) we have 


ni,li, + IV — m'u' — mV 

Also, the temperature of the mistura in the induction manifold is constant 
throughout the stroke, ie. h, = c,r, - constant Therefore 

m,c,T,+ tV-m-c.T'-m'e.r £!] 


The work input is given by 

~ IV - (mean piessure in cylirtder during induction x swept volume) 
-0.828 X 10’ X V,.82B00V,Nm-818V,U 

therefore 

IV- -82.8V, U 


For the miituie induced, r, - e, + A • 0.718 + 0287 - 1.003 kf/kg K. 
Then substituting values in cqualion [1] 

(0.9192 X V.x 1.003 x 300)-828 V, 

- 10.964V, X 0.718 x T*) - (0.0448V, x 0.84 x 1113) 


tberefore 


r’«341.3K-68.3*C 
Final temperature — 68.3 *C 
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TKen 


P' 


m'RT' 0.96«t; ■< aa? « M1 .3 « 10’ 

(K + K>" *K/’ 


i«. FinaJ pKKuR - 0.826 bu 


82623 N/m' 


Problem* 

yt I \$ of iir cAdowd in a nyid eonuiMr is milislly al 4^ bar and ISO'C. The container 
IS heated unid (he lemperatun n 200’C Cakulats ibe pressure of (he air finally and 
(he heal luppbed duria| (be pnxcai. 

bar; }$.9W/k|) 

3^ A vessel of volirtDe 1 eoataiu steam at 20 bar and 400"C, The veisei is 
cooled until the steam b just dry uiuraied. Cakulaie the man of steam in the vessel 
(he final pressure of the slaam. and the beat rejected during tbe process. 

( 6.62 kg; U.QI bar: 23$5IJ) 

U Oiygen (molar mass 32kg>*knioll eipaods iwenibly in a cylinder behind a piston 
at a coutani pressure of 3 bar. Tlie vchuoe mitiaUy is CLOl re^ and finally is 0.03 
(he inicial temperature is I7*C. Calcidate the work input and the heat supplied during 
the expanooA. Assufoe oiygea to be a pesf^ gas and take c,» (L9I7 kJ/kg K. 

(-6U: 21.18 kJ) 

3.4 Steam at 7 bar. dryness fraction 0.9, cipands rmTrtiUy at constant pressure until the 
temperature U 200*C Cakulaie the work input and heat su^ied per unit mass of 
steam during (he process. 

i-38JU./kg: m7kJ/kg) 

3.6 (k05m’ of a pertet gas at &3bar undergoes a revrmUe isothermal process to a 
pressure of 1£I5 bar. Cakulaie (be beat supplied. 

rS6.4ki} 

3.6 Dry saturated steam at 7 bar espands reversibly In a cylinder behind a piston until 
the pressure is 0.1 bar. If heat is supplied conunuously dunng the process in order 
to keep the icmpetaturc comiant. cakulaie the change of internal energy per unit mass 
of steam. 

(37.2 kJ/kgj 

3.7 I kg of air is compressed isothermally and reversibly from I bar and 30‘C to 5 bar. 
Cakulaie the work input and the beat supplied. 

|140U/kg; -l40U/kg| 

3.1 I k| of air at I bat. IS~C h compre«aed revenihly and adiabaiicilly to a pressure 
of 4 bar, Cakulaie the final t e m p eratuie and the work input. 

(I55''C: lOO.SkJ/kg) 

3J Nitrogen (molar mass 28 kg kmol) espands revenalriy in a peffectly thermally 
insulated cylinder from 3.S bar. 200X to a vf^ume of 009 m’. If the mitiaJ volume 
occupied was 003 m’. calculate the work input Assume nitrogen to be a perfect gas 
and take c»» 0741 UAg K. 

(-9.31 kJ) 
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Probio rm 


).1fl A eeruifi petftci |is is compn&scd mmihly from I bar. 17 *C (a a presure of 5 bar 
in a pcriecUy ihermally imulawd cylindtr. tbe final cemperaiurt bein| 77'C. The 
«ork done on the gas dunog fbe compressioo is dSUykg. Cakulaie y. R. and 
ihe molar mass of (be gaa 

( 1.1 32; a75 kf /kg K: 0.0» U/ kg K ; k4 kg/kcnol ) 
S.11 I kg of air at l.OSbari 20*C is compmsad cwemMy according lo a law 
pr* * • consiant. to a pressure of 5^bar. Oikulata the work done on ihe air and 
the heat supplied during tbe eomprcasKMk 

(133.46 ki/kg; -33.3kJ/kg} 

XM Oxygen (nelar mass 32kg’kinoli n eomprosed remiiWy and pelyiropically in a 
cylinder from 1.OS bar. IS*C to dJbar in lud) a way that one'ihird of (he work 
input is rejected as beat to tbe cylinder walls. Calculate the final temperature of the 
oxygen. Aiauote oxygen to be a perfect gas and take c, - 0.649 kJ/kg K. 

III3"C) 

3.19 A mass of 0.05 kg of carbon dioxide (molar mass 44 kg/ktoolk occupying a volume of 
003 m* at I.Q25 bar, is compressed revenibly until the praaauia is 6.15 bar. Calculate 
the final temperature. Ibe work done on the CO), and the beat sup^ted: 

{i| when ibe process it according to a law pe'** • eoanent; 

(li) when the process is isoibermal: 

(m) when ibe process takes place in a perfectly tbcrtnally toinlaled cylioder. 

Assume earbmt dioxide to be a perfect gas. and cake y m 

(270'C; 5.135 U: 1.712 U; 515‘C; 551 kJ; -5.51 U; 219'C; 515kJ:OkJ| 
9.14 A refngenuil is compressed revcnibly in a cylmder according to a polytropk law 
from 162 bar. dry saturated, to 9.20 bar wben tbe temperature is iben 40Using 
the r ef r ig erant properties gtveo as T^ife H calculate: 

(il Ihe pdycropic index; 

fii) the work ll^)uc during the umipjessioo piocxss; 

dill the heal transferred to or ^om the cylinder walb during tbe process. 

11X173: 21.93 kJ/kg; 6.16 U/kg) 


Table 3l2 Properties of 
refrigerant for 
Problem 3.14 


Saturation values 


Superheat values at 
9.2 bar. 40'C 

h _ 

;;;_ 

\ _ 

r 

A 

(ban 


|U<k|| 

(m’/kg) 

(U'k|) 

162 

0.0757 

2»10 

0Xk2013 

3216 


9.11 A refrigerant b dry saturated at 2 bar and b compressed reversibly in a cylinder 
according lo a law pr« constant to a pressure of 10 bar. Using (be properties of 
refrigerant given as TaMc 3J. akvlale; 

(ij the final specific volume and temperature of tbe ittfrigsrant: 

I ill the final specific volume and temperature when the wooing substance it air. 
compressed between ibe same pressures and from the same initial temperature. 

(0.024mVkg. 24*C;007I ra*,kg. -250 
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R«v«rslbl« and PfCMna 


T«6k 3J Propenio of 
refrigerant for 

Problem 3.15 


_ 

jj_ 


1“C) 

(bit) 


-25 

2 

ai20 

24 

to 

a024 


3.1ft A refrifcrant ktst* a eotMktmr u « uiontcd liquid ai a lemperaiuct of 25*C. aitd 
K Ibrolikd 10 a preteure et t J3 bar where it enien ihe evaporator. Using ihe properties 
of refngeranl fivea as TaUe 3.4. calculate tbe dryness fraeiioii of the refrigeraol 
vapour eniering the evaporator. 

10.236) 


Table 14 Properties of 
refrigerant for 
Problem 3.16 


>. 

h 


*. 

fC) 

(hw) 

IkJ/W 


25 

U2 

59-7 

1977 

-15 

143 

213 

1014) 


3.17 The pressure m a steam main is 12 bar. A sample of steam is drawn olT and passed 
through a throtUiog calorimeter, the pressure and temperature at exit from the 
calorimeter being ( bar and IdO'C reapeciivcly. Cakulaie tbe dryoeas fraction of the 
steam in the main, tiatmg any assumptlona made in the ihroiiling process. 

10 .966) 

3.1 g Air at 6.9 bar, 260 *C is thronJed to 53 bar before expandini through a ooask to a 
pressure l.l bar. Assuming that the air rtowt reversibly in steady l!ow through the 
nosk. artd that no heat is faceted, cakulaie the velocaty of the air al exit from 
the ooade when ihe inkt velodiy b 100 m/a 

(636 m/s) 

3.1ft Air at 40*C enters a mixing chifsber ai a rale of 22$ kg/s where li mixes wiib air ai 
IS*C cmering at a rate of SdOkg^a. Calculate the temperature of the air leaving the 
ehaaber. aesunung sicady*flow eoeditioru. Assume ibai the beat loia cs negligible. 

1224-Cj 

130 Steam from a superheater at 7 bar. 300'C it mixed in steady adiabalie How with wet 
steam at 7 bur. dryueis fraction 0.9, CalcuUte the mass of steam required per 
kilogram of superheated sleura to produce ileam al 7 bar, dry saturated. 

1143 kg) 

331 A rigid cyliodee conuins hdium Imolar mass 4 kgykmol) at a pressure of 5 bar and 
a temperature of 15'C. The cylinder b now connected lo a large source of helium 
ai 10 bar and 15 *C. and the vaKe coonecting the cylinder is closed when ibe cyltoder 
pressure has risen to ft bur Calculate tbe final temperature of the beliura ia the 
cylinder issummg that the heat transfer during the process n negligibiy small. Take 
c. foi hdium as 3.l2U^kg K. 

(65,8 X) 
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Probl«r*i« 


A >t*d «f mIiwk 1 n*. coouialnf 1^ kf of MSB *1 « prcnuR of 

U tor. H fflifwcB il *• • fvhv lo i larfr cow of fletip ot Xl tor Tto vilvo u 
opci to ud lb* poor* m lit *aal n Jowd ic ra* toHil ito mmoi id ihe voal 
i» jM dr7 amnMd M 4 *ad (to *ih« ■ tbm d »A Cikilfii* (to dQmcH 
frtoi*oo ol ito Kai nv fp to * 

(0M4) 

U3 Aa ur raeoncr coomin IC kf of nr M 7 tor. A toow^A vilve M epennl (a rrmr 
Md dead tfolo mcIm MceodA but ite pfiMoa ii oto er ^td to drop lo 6tor 
Cokokat ito imm of nr *10611 toi oocapd frooi ito raetnor. •uiini ckorl} cajr 
•MBfOptMH oudt 

CokuUi* oho (to praoott of ito w ■ ito rrtoi*** woo me ofisr ito volt* too 
ton ctoMil aueb (toi ito *■ wnipcfoiviv h«» ailetned H* ortfmol »«lu» 

(104kr Nrl 

bJd A Oftoda of hum miiiml oico 4A3Coufi^ ■ opoi lo ito aiswiptore oi eoc 

cod cod coaoocted to a large uoiage mad at Ito oltor eto to urtfti of • pipddB cod 
vaho. A fncMikto piem, «f •oglu ICO N. a fined iMe ito e^toider and Ihe (nlilal 
c)todcr (otoaeno^Agbto Tto *ah* l» ftoo ogcacd aod ok Uilooir aitoaHied from 
Ito larp «cng* imd toocTftodiv onto Ito gaao toi Bond wy dooff a difUBs 

cdCA n otoo Ito mho b ifiot If ito lOBpanior* of (to aw iR (to cyltokr ta SO'C at the 
cadcfitoopai atB oaoditolofattooioofttoait lo die large donpavtmlbecaMui 
« 90*C cabadiW 

Ik (to prauire of (to ok a Ito eyfiadcr doriegtto preoM. 
ffil Ito work ikm on ito air dort^ tto ptecea. 

(■I Ito vsrfc dnoe oei ito pom; 

|b| (to toot t>^>g to d 10 (to dr ia lb* cytoder dartag ito pi e t ota 
Take Ito laasn as IjOIS toa. 

n.lUtar: -AS2 Nb.60Nib; ^(LSlUj 
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4 


The Second Law 


In Chapter 1 it is slated ihaL according lo the First Law of Thermodynamics, 
whea a system uAdergoes a complete cycle the net heat supplied plus the oci 
work input is zero. Thh b based on the conservation of energy principle which 
follows from c^servaiioo o( natural events. The Second Law orTlKrmodynaniics, 
which is also a natural law. indicates that in any complete cycle the grots heat 
supplied |diis the oet work input must be greater than zero. Thus for any cycle 
in which there is a net work output (ie. W —veX heal must always be rejected. 
For any cycle in whkh heal is supplied al a low temperature and rejected at 
a higher temperature there must always be a positive work input. 

To enable the second law to be discussed more fully the heat engine must 
be dchned ud rfiactitq-rf 


4.1 The heat engine 

A beal cngiiie is a system wbkh operales continuously and across whose 
boundaries flow only heat and work. 

A diagrammatic repre se ntation of a beal engine is given in Fig 4.1; a forward 
heal engine is shown in Fig 4.l(a| and a reversed heat engine in Fig 4.1(b). 
(Note: the term 'reservoir' is taken lo mean an energy source at a uniform 
(cmpcralute.) In both cases the first lew apices as given by equation |1.3L 
^(J + ^H'wO.or referring lo Fig 4.1. 

ei + Cr + W-O 

As shown in Fig 4.1, for a forward heat engine cycle such as (hat used for 
power production, Q, is positive and W and Q, arc negative; for a reversed 
cyck such as that used for a refrigerator or heat pump, Q, is negative and W 
and (2. are positive. 

An eiample of a forward heat eagioc is shown in Fig. 4.2: by the first law 
the heat supplied of 100 units equates to the work output of 30 units plus the 
heal rqccled of 70 units. It can be demonstrated that it is impossible lo construct 
a forward heat engine m which 100 units of heal are supplied and 100 units 
work output are produced; some heat must always be rejected. One statement 



4.1 


Thi K««t •ngin* 


Fig. 4.1 Forward 4nd 
rvverwd heat etiginea 



C, -« (?!♦« 


|al Foraai^ 


Ibl Kcvened 



Fit. Eaunple of a 
forwifd hoot eDgme 



of (be Second Ljw of Tbertnodynafnics is Iherefore as follows: 

It is Mpossfble for a heat engine lo protiuee a net v-ork output in a 
campleie cycle f if excbonpes Aeoi only wlifi a stnple energy resenioir. 

Using the chosen sign convenlion for heat and work and referring to Fig 4.1. 
we can write this suieineni of (he second law in symbols as follows: 


Q,>-W 14.11 
The cycle efficiency of a forward heat engine can (hen be defined as (he ratio 
of the net work output to (be gross heat supplied. 


ie, 


Cycle cScieocy, i| 


-W 


(4.2) 


The second law implies that the cyde efBciency musl always be less than unity. 
For the heat engine shown in Fig 4.2 the cycle efficiency is q - 30/100 > 0.3 
or 3054. 

An example of a reversed heat engine it shewn in Fig. 4.3; by the Ant law 
the 70 units of heat supplied from the low-temperature energy reservoir plus 
the work input of 30 usutt it equal to the 100 units of beat rejected to the 
high-temperature reservoir. If can be demonstrated that it is impossible lo 
transfer 70 units of beat from the low-temperature reservoir to the 
high-temperature reservoir without a work input. An alternative statement of 
the second law is therefore as follows: 


if is impossible lo construct a device that operating in a cycle will produce 
HO effect other than thetranffer a/hrar.^n a cooler lo a hotter body. 
Referring to Fig 4.1(b) this itatemeDl of the second law can be expressed as 
W>0 (43) 


It is interesting to note (hat in the case of a forward heat engine (he second 


Fig 43 Example of a 
reversed heat engine 
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Thft Second low 


law implies that there must always be some heal rejected to the low-mnpetaiure 
reservoir, but in the case of the reversed heal engiiK (Fig. 4,t(b)). there is no 
reason why Qt should not be zero. This means that it is possible to convert 
mechankal energy into heal energy (eg on braking a car the kinetic energy is 
converted into beat at ibewhccblOn the other hand it Is impossible to convert 
heal energy continuously and comfrieteJy into mechanical work. 

The eficctivcness of a reversed heal engine is defined in terms of a cocfRcienl 
of performance. COP. When the reversed engine is used mainly as a refrigerator 
then, referring to Fig 5,I(bk the coefficieni of performance is defined as 

COP„, - ^ (4.4) 

When the heat engine is vised as a heui pump the heal iransTerred to 

the hjgh'iemperaiure reservoir it the uteful energy, ond referring lo Fig i.l(b) 
we have 

COP„-^ HS) 

(Note: the coefhcieoi of performance of both a refrigerator and a heat 
pump is always greater than unity; in the eiam^ given in Fig. 4.3> 
COP^, ^ 70/30 » 1333s and COP^^ * 100/30 * 3.333.) Refrigeration and 
heat pumps are considered in more detail in Chapter 14. 


4.2 Entropy 

In section 1.7. an imponani property, inlemal energy, was found to ariK as a 
consequence of the First LawofThenoodynamlcs. Another important property, 
eniropy. follows from the second law. 

Consider a reversible adlabaik process for any system on a p-n diagram. 
This IS rcprcscnicd by line AB on Fig 4.4. Let us suppose that it is possible 
for ihe system to undergo a levenible isothermal process at lempcraluie T, 
from B to C and then be restored to its original state by a second reversible 
adlabaik process from C to A, Now by definition an adiabatic process is one 


Fig 44 Hypoihcikol 
timpvssibici cycle en a 
p-r diagram 
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4.2 Entiopv 


m which no heat flows to or frois the systero. Heace the ocUy heat iransferted 
is rrom B to C during the isothermal process. The work done by the system is 
given by the eados^ area (see section l.fll We thercrore have a system 
undergoing a cycle and devdoping a net work output while drawing heal from 
a reservoir at one fixed temperature. This is iropossihle because it violates the 
second law, assuted in section 4.1. Therefore the original supposition it wrong, 
and it is not possible to have (wo reversible adiabatic processes passing through 
the same state A. 

Now one of the characteristics of a property of a tytlem is that there is one 
unique line which represents a value of the properly on a diagram of properties. 
(For example, the line BC on Fig 4.4 represents the isoihennal at T,.) Hence 
(heie must be a property represented by a reveisible adiabatic process. This 
properly is called entropy, s. 

Il follows that ihereisaochangeoreniropy Ina reversible adiaballc process. 
Each reversible adiabatic process represents a unique value of entropy. On a 
p-p diagram a series of reversible adiabatic processes appear as shown in 
Fig 4.5(8X each line representing one value of entropy. This is similar 
to Fig 4.5|b) in whidi a series of isolhennals is drawn, each representing one 
value of temperature. 


Fig 4.5 A series of 
conslam entropy and 
constant temperature 
lines on a diagram 




In order to he able to define entropy in terms of the other thermodynamic 
properties a rigorous approach is necessary; a much simplifieJ approach has 
been adopted in this book. For a more rigorous approach ref. 4.1 should be 
consulted. 

In section 12 a revenible adiabatic process for a perfect gas was shown to 
follow a law pr’ ■ constant. Now (he law pr ’m constant it a unique line on a 
p-r diagram, so that the proof given in section 3.2 for a perfect gas is u similar 
proof to that given above (U. the proof that a reversible adiaballc process 
occupies a unique line on a diagram cd' properties!. The proof given above 
depends on the second law and has been used to introduce entropy as a properly. 
It follows therefore that the proof of pi*' « constant in section 3.2 must imply 
the fact that the entropy does not change during a reversible adiaballc process. 
Referring to the proof in section 3.2. starting with the non.flow energy equation 
for a reversible process 

dQ = du 4- pdc 
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Th« Second Ljw 


and for a perfect gas 


de-e,dr + «r 


.de 


This equalion can be inlegtaied after dividing through by T. 

dO c,dr Rdv 

le. -S » —— +- 

T T 0 

Also for an adiabatic process, dg • 0, 

dO c.dr Rde .. 

le. +- .0 

T T a 


(4.6) 


Now apart from malbematical manipulation and the introduction of the 
relalionship between K. c,. e„ and y. there ate no other major steps in the 
proof. This must mean that dividing through by T it the one step which implies 
the restriction of the second law, and the important fact that the change of 
entropy is zero. We can say, therefore. iQ/T -0 for a reversible adiabatic 
process. For any other reversible process dQ/r#0. 

This result can be shown to apply to all working substances, 

do 

ie. dr = for all working substances (4.7) 


where s is entropy. 

The argument in this section does not constitute a proof of ds - iQ/T For 
such a proof the reader b recommended to ret 41. 

Note that since equation (46) is for a reversible process, then dO in 
equation (4.7) is the hat added levcnibly. 

The change of entropy is more imporiant than its absolute value, add the 
zero of entropy can be dosen quite arbitrarily. 

Integrating equation (47) pves 



Considering unit mass.of fluid, the units of entropy are given by kilojoules 
per kilogram divided by K.Thal is, the units ofspecifle entropy, s. are kJ/kg K. 
The symbol £ will be used for the entropy of mass, n, of a fluid, 

14. 5- ms 


Rewriting equation 147) we hate 
dC - Tds 


or for any reversible process 



14,9) 
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4.3 Th« r*«dla9r4m 


This equalioa Is analogous lo equation 11 Jk 

H' - - J pir for any revenibk process 

Thus, as Ibece IS a diagram on which areas represent work output in a levenible 
proeess. there is abo a diagram on which areas represent heal supplied in a 
revertible process. These diagratnsare the p-oand theT-rdiagrams respectively, 
as shown in Figs 4.i<a) and 4.6(b|. For a reversible process I-2 in Fig.4.6(aL 
ihe shaded area pdr reprcscnis work output, -tf: for a reversible process 
I-2 in Fig 4.6|bL(heshadiRl area (f Tdr represents heat supplied, Therefore 
one great use of ihe property entropy it ihal it enables a diagram lo be drawn 
on which areas represent heal flow in a reversible process. In Ihe seclion 4.3 
Ihe T~s diagram vvill be considered for a vapour and for a perfect gas. 


Fig. 4,6 Ares under a 
reversible process on a 
p-s and on a 
T-s diegreni 



r 



4.3 The r-« diagram 

For a vapour 

The T'S dtagrarn for steam only will be considered here; the diagram for a 
rcrrigeranl is exactly similar with ihe imponanl exception of the xeros of entropy 
and enthalpy which vary according lo Ihe source of Ihe tabular information 
(tee Ch 14). The T-i diagram for steam it shown in Fig 4,7. Three lines of 
constant pressure (p,, Pi. and pi) are shown (ie. lines ABCD. EFCH. and 
JKLM). The pressure lines in the liquid region are practically coincident with 
the saturated liquid line (Le portions AB. EF, and JK), and Ihe dilTerence it 
usually neglected. The pressure remains coniitni with lempetslure when the 
latent heat is addesL hence tbe pressure lines are horizontal in the wet region 
(i.e. portions BC, FG.and KLk The pressure lines curve upwards in the superheai 
region as shown (ie. portions CD, GH, iitd LM). Thus the temperature rises 
as healing continues at consiasl pressure. One constant volume line (shown 
ss a broken line) is drawn in Fig 4,7, Lines of constant volume are concave down 
in the wet region and slope up more steeply than pressure lines in the superheat 
region. 
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TM $*eond Liw 


FI|. 4.7 T-s dit^m 
for a vapour 



In stun tables the entropy of the uturated liquid and the dry saturated 
vapour are represented by s, and t, respectively. The difference, s, - Si • a,,, it 
also labulaied The entropy of wet steam is given by the entropy of the water 
in the mistuie plus the entropy of the dry steam in the miature. For wet steam 
with dryness fraction, a, <ve have 

j-(l-als,-fas, (4,10) 

or s » s, + »(s, - v) 

Le. s = s, + x%, (4.11) 

Then the dryness fraction is given by 

x = ’-^ (412) 

It can be seen from equation (4.12) thal the dryness Cractioa is proportional to 
(he dtsunce of (be suu point from the liquid line on a T-s diagram. For 
example, for s(aie 1 on 4.8 the dryness fraction 

distance FI S| ~ Xii 
^ distance FC S(,i 

The area under the line FO on Fig 4.8 represents the ipedfic enthalpy of 
saporizatkin hr,. IV area under line FI is given by x,h<,. 


Fig. 4J Dryness 
fraction from areas on a 
T~s diagram 
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4.3 Tha 


Exampid 4.1 


Solution 


Fig. 4.9 T-s diagram 
for Example 4,1 


Example 4.2 


Solution 


1kg of steam at 7 bar, eoiropy 6.5kJ/kg)C, is heated reversibly at 
constant prw^urt until the temperature»« 2$0 C Calculate the heat supplied, 
and $hl>^h on a T-s diagram the area which represents the heal flow. 

At 7 bar. s, » 6.709 ki; kg K. hence the sieam is wet, since the actual entropy, 
s. is less than 

Front equation \ 4.12) 


6.5 - KW 

'''■ ■ 4.717 

Then from e.)u(ion (2.21 


O.MJ 


h, 4X,h,„ •• 697 .f 10.93$ x 2067) 
i.«. 6,-697 + l97S>2672ki,'k| 


Ai stsle 2 (he steam is at 230‘C ai 7 bar. and is ihereToK superheated. From 
superheat tables, h, - 2933 kJ, kg. 

At constant pressure from equatioii (3.3) 


Q-hi-h, - 2933 - 2672 - 293 k;.'kg 
ie. Heal supplied - 283 U.'kg 

The T-s diagram showing the process is given in Fig. 4.9, the sliaded area 
tepresenring the heat Do*'. 



A rigid cylinder of volume 0.023 m* contains steam at 80 bar and 330 *C. 
The cylinder is cooled until t)ie pressure is 30 bar. Calculate the state of the 
steam after cooling and the amount of heat r^led by the steam. Sketch 
the process on a T s diagram indicating the area which represents the heat 
flow. 


Steam at 80 bar and 3$0’C is superheated, and the specific volume from tables 
is 0.02994 m*.'kg Hence the mass of steam in the cylinder is given by 


0.023 

0.02994 


OJ3$kg 
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Tht 8» c cncl Uw 


For superheated steam above 80 bar Ibe inlemal energy is round from 
equation (1.7), 


. ™ 80 X 10* x 0.02994 _ 

• a, — PjO] » 2990-"To*-- ” 239.5 


i.e. »,• 2750.5 U/hi 

At iiaie Ip, •• 50bar and e, • 0 02994m'/hg. therefore the steam ie wet. 
and the dryneu fraclioa ii given by equation <11) 


002994 

0.03944 

Prom equation <131 


a758 


u,-fl -Xjlut. + x^Up-<0.242 X 1149)+ <0.758 x 2597) 
i.a >i,-278+ 1969 - 2247 kJ/kg 


At constant volume from equation (32), 

C - y, - - m{u, - u.) - 0.835<2247 - 2750.5) 

Le. Q--0835 x 503.5--420 kJ 


Le. Heal rejected = 420 kJ 


Figure 4.10 shows the process drawn on a F-s diagram, the shaded area 
representing (he heat rqected by the steam. 


Flf. AlO T~s diaftam 
for Example 42 



For a perfect gee 

It is useful to plot lines of constant pressure and constant volume on a T-i 
diagram for a perfect gas. Since changes of entropy are of more direct application 
than the absolute value, the aero of entropy cen be chosen at any arbitrary 
reference temperature and pressure. In Fig All the pressure line p, and the 
volume line e, have been drawn passing through the state point I. Note that 
a line of constant pressure dopes less steeply than a line of constant volume. 


116 


4.3 Til* r-«dt«grvn 


Fig. 4.11 Em ropy 
changes at constant 
pressure aod at coostant 
volume for a pcrflect its 
on a T-s diagram 



This can be proved easily by refere nc e to Fig. 4.11. Let points A and D be al 
Tj and (> 1 . aod Tj and p| respectively as shows. Now between I and A from 
es^uatioci |4,g) we have 



Also at a constant volume Ibr I kg o( gas from equation (2.11KdQa*Cpd7! 
Therefore 



Simitarty. at constant pressure for I kg of gas. <iQ ^ AT Hence, 


^- 4 | 


Now since c, is grtaier than r, for any perfect gas. then Sg - Si is greater 
than Sa — St > Point A must therefore lie to tbe kft of point B on (he diagram, 
artd hence a line of constant pressure slopes less sleeky than a line of constant 
volume. Figure 4.12(a) shows a series constant pressure brtes on a T~9 
diagram, and Fig 4.12(b) shows a series o( consiaoi volume lines on a 
T^t diagram. Note that in Fig 4.t2(ak p^> Ps> P4> Pi. tic. and in 
Fig 4.12(b). e, > P] > etc. As the pressure rises the temperature rises and 
the volume decnnaei: conversely as the pressure and t e mperature fall the vol urae 
increases 


Fig 4.12 Ccaitant 
pressure and eonsttai 
volume lines plotted on 
4 T-a disgram for a 
perfeci gas 
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TM Second Law 


Example 4.3 Air at I5*C and I.OSbar occupies 0.02 m’. The air is healed ai consianl 
volume until (he pressure is 43 bar, and (hen cooled at constant pressure 
back to the original temperature. Calculate the net heal flow (o or From the 
air and the net enlropy change. Sketch the process on a T s diagram. 


Solution The processes arc shown on a T-s diagram in Fig 4.1}. From equation (161, 
for a perfect gas. 


IM 


pF 1,05 » 10* X 002 
XT ~ 0237 X 10’ X 288 


0.02S4 kg 


where 7, - I5-I-273 - 288 K. 


Fig 413 Proceues on 
• T'j diafram for 
EsampTe 4.3 



Fora perfect gas al constant vtdume, p,/T, = pj/T^. hence 
_ 43 X 288 


I.OS 


= II52K 


From equation (113), al consianl volurrte 

C-nr.lT,- r,I = 0.0234 X 0718(1132 - 2881 
■X. Q,.2-13.73 U 

From equation (112), at consianl pressure 

e = mc,( 7, - 7,) - 00254 x 1.005(288 -1152) 
i.e. (2: j >>-2105kJ 

iherefore 

Net heal flow - (2, 2 + 0; s - 13.73 - 2103 w -6.3 kJ 
ix. Heal refecied = 63 kJ 

Referring to Fig 413 

Net decrease in enlropy ■ s, - a, - (sj -Si(- (S 2 - s,) 
At consluni pressure, dQ = mc^dT hence, using equation (4,81, 

-0.0334 kJ/K 
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4.4 H«v*rftibto precwM* on tho r-odlo^rom 


At coDSUAt volume s mc^d?^ hence, using equaiioD (4.B) 

AT /n52\ 

in(5j — 4|) ■ I —-— ■ 0.0254 K 0.718 x la( —j 

Ji$* 7* \ 288 / 

-00253 Uyhf 

'nKrdoR. 

-1,) > a03S4 - 0.02S1 - 0.0101 kl/K 
U. DecrctM in cniropy of air • O.OIOI U/K 

Note that aiDce eniropx b a pcopeny. Ibe dccreaae in enuopy in Eiample 
4J. given by 9, - 1 „ is independenl of Uk processes undergone between states 
1 and 3. The change s, * s, can also be found by imagjoing a reversible 
isothermal prooess laking place between 1 and i. The isothermal process on 
the T-s diagram will be considered in section 4.4. 


4.4 R«varsibla procaaaaa on tha T-» diagram 

The various reversible processes dealt with in Chapter 3 will now be considered 
in relation to the T-s diagram. Tlse constant volume and constant pressure 
processes hate been represented on the T-s diagram in section 4.3. and will 
therefore not be discussed again in this section. 


Reversible isothermal process 

A ceversibie isothermal process will appear asa horizontal line on a T*r diagram, 
and the area under the line must represent the heat flow during the proeesa. 
For example. Fig 4.14 shows a reversible isoihermai expansion of wet steam 
into the superheat region. The shaded area represents the heat supplied during 
the process. 

ie. Heat supplied - T(s, - s,) 

Note (hat the absolute temperature must be used. 


Fig 4.14 Reversible 
isothctmsl prooess for 
sieacn on x T-s diagram 
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Tht Stoond Uw 


Exampla 4.4 Dry i«ture(«d Mam at 100 bar axpaods isoihermalJy and reversibly to a 
pressure of 10 bar. Calculate the beat supplied aod U» work done per 
kDogram of steam duhiif ibe process. 

Soht/on The process is shown io Fig. 415, (he shaded area representing ihe heat 
supplied. 


Fig 4IS ProetM on a 
7-s diagram for 
Example 4,4 



From tables at 100 bar. dry saturated 

s^ «5^«5.6l5U/kgK and (, «3IIX 
At 10 bar and 311 ‘C Ibe steam is superheated, bence interpolating 

s, - 7.124 + ( ? -L ' - 1 . ^ Y7.30I - 7.124) 

’ VjSO - 300/ 

it. s,-7.124 + 03)39-7.l63U,'kgK 

Then w« have 

Heal supplied » shaded areas rUz -^il 

> 384(7.163 - 3.6ISI - 384 « 1.348 
where T- 311 -<■273 - 384 K. 
le. Heal supplied « 704 kJ.'kg 

To And Ihe work done ■( b necestary to apply Ihe non-flow energy equaiion. 
i.*. C+b’-u,-u, or H-.Hi,-u,)-e 

From uNes. al 100 bar. dry saiuraicd. 

II, .u.^SSdSU/kg 
Al 10 bar and 311 'C. interpolating 


/'3II- 300'1 

“'*'”*n«orio6j 

Uj = 28ll.8kJ.kg 


(2875 - 2794) - 2794 + 17.8 
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4,4 R»v«nibl« ptocm^m 4n tha digram 


Then 

-<ail.8'-2$45|-$(M>2M.a -9IM- -637JlcJ/kg 
le. Work done hy Uie sletm - 637,2 kJ/kg 

A reversible isolhermal process for ^ perfect gas is shown on a T-s diagram 
in Fig. 4.16. The shaded area reptesenis the heal supplied during the process, 

Le. Q » TfSj - s,| 


Fig. 4.16 Reversible 
isolhermsi process for a 
pertsci gas 



For a perfect gas undergoing an isothermal process it is posuble to evaluate 
s, — From tk non-flow equation (1.6) we have, for a reversible process, 

dQ K dai -s pdr 

Also for a perfect gas from Joule's law da ■ c^ dT 
i.e. d0*c,dTvpdc 
For an isoihemal process. dT = <X hence 
iQ = pdr 

Then, since pr ■ RT, we have 

dj»> 

aga ijr— 

r 


Now from c«ju»(ion <4.81 



Therefore the heat &upp(ied » given by 
Q = T(Sj - J,| - 
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Ttw 0tend Liw 


Note that Uut retull b ibe ame u (hac derived ia Kdioa 3.1, 

U. C--W'-liria^^^-p,e,lD^^^ 

Exainpl*4.6 0^3 m’ of nitragea (molai maaa 28kg/kiDOl) contained in a cylinder 
behind a pbloo b initially at I.Odbar and IS’C The gae b compreeied 
aotbermally and revenibty until the pieacure b bar. Calcuiate the change 
of entropy, the heal flout, and the work done, and eketch the pocea on a 
p*e and T-t dbgmn. Anuiae nitrogen to act aa a peiftcl gaa. 

Solution The proceei b shown on a p-e and a T-a diagram in Fige 4.1T(a) and 4.17(b) 
respectively. The shaded area on Fig 4IT(a) represents wodt input, and the 
shaded area on Fig 4.17(b) represents heat rejected. 


Fig 4.17 n . ■ for 
Esample 4.7 on p-a end 
T~a 




From equation (4.13) 

s,-s,--^ln(H)--0.4117kJ/kgK 
From cquatlOB (2.9) 

■!^.297Nin/kgK 

Then, since pV ■ nRT. we have 

pF I.OSxIO’xOO) 

m • — a-—- m 0.0368 kg 

RT 297 x 2*8 * 

where r> 13+ 273 - 2*8 K. 

Then *| — w m(Si ^ S)) 

-00368 X 04117-O.OI3I6kJ/K 
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44 Rtv4f4ibl4 pro BM lw on tht r-frflagram 


P%.4.I8 Ixfitropic 

procecs for ateun an a 
T-s diagram 


Eximpl* 4.0 


So/utian 


Heal rejected — ndhaded area on Fi^ 4.>7(b))m mT(s, ~ Sg) 
-a01SI6a2J8m4.37U 
Le. Qm -4.37 U 

Then for ao Uolhetmal procen for a pe r fect gas, from equation (3.12), 
Q*W-0 
-4J7 4 H'-O 

14. Work input. W > 4J7 kJ 


Havaraiblo adiabatic procata (or iaantropic procaas) 

For a reversible adiabatic process tbe eslropy remains constant, and bence Ibe 
procen is calfed an Isenrropfr pmtu. Note that for a process to be iientropic 
it need not be eilber adiabatic or reversible, but the process will always appear 
as a vertical line on a T-s diagraro. Cases is whicb ao iseatropic process is not 
both adiabatic and reversibk occur infrequently and will be ignored throughout 
this book. 

An isenlropic process for superheated steam espaoding into the wet region 
is shown b Fig. 4.18. When tbe reversiMe adiabatic process was considered b 
section 3.1, it wis tuted that no simpic method was available for fixbg the 
end states. Now, using the bet that the entropy remains constant, the end states 
can be found eauly from tables. This is illustrated b the following example. 



Steam at i<IObar.37S‘Ceipaitdstientropically in a cylinder behind a piston 
to a pressure of 10 bar. Calculate tbe vrort done per kilogram of steam. 


From superbeal tables, at 100 bar, 37S*C, we have 
s,wsg> 6,091 U/kgK 

At 10 bar and Sj • 62)91, the steam is wet, since Sg is less than s^. Then from 
equation (412) 


»s 


Sg-s,. 6091-2138 
Jfc " <«4* 


a889 
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Th9 8«cond Law 


Then tram equaiioD (13) 


0, •(! - -f xju,,-(am X 763)4-(aBS9 > 2584) 

LC. If,-84.6 + 2297.23Sl^tf/lct 

AtIOObar.373‘C<>«luitc6amtabla.6, •30I7U/ktaAdi', -a024i3niVk8. 
Tbm usisj equttiaD (1.9) 


II, -fc, -p,e, - 3017 - 


100. IO*>iOJ24S3 
I0» 


- 3017 - 245.3 


U. u,-2771.7 U/kt 

For an adiabatic proceu from equation (3.13), 

H-.ti,-.. 

tberefore, 

H'-23BI.6 - 2771.7 
- -39aik3/kg 

Le. Work dona bjr the steam - 3901 U/kg 

For a perfect gas an isentropk process on a T-s diagram is shown in 
Rg. 4.19. it is shown in sectioo XI that for a reversible adiabatic process for a 
perfect gas the process follows a law pr' — coastanL Since a reversibie adiabatic 
process occurs at constant entropy and is known as an isentropic process, the 
index y is known as the isouropk index of the gas. 


Fig. 419 IscBtiopic 
process for e perfect gas 
on e T-s diagram 



Polytropic procMS 

To find the change of eoitc^y in a polytropic process for a vapour when the 
end stales have been fixed using p,ii\ - psv',. the entropy values at the end 
slates can be read straight Erom ubiea 

Exarnpio 4.7 In a redprocming compressor of a refrigeration plant the refrigerant is dry 
ululated at 101 bar at the beginning of com p re ss ion and is compressed 
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4A KMMtbM proeaa«M on Mgr«m 


rwcmbiF accwAftfl to * polytropK hw * cobsujh io 4 prwiut at 
10 b4F. Cakttbie ibe cftas^ of s pecific campy durai| the p roc c w luifif ibe 
table of propenks of RfRterut pi«ea in Table 4.1. iMerpolacbB where 
acecBMcy. 


TaUt 4.1 FropeiUB ef 
nfrkenM tor 
BufaptoA? 


StivtBea vahA 


Sepaheeted vilwt 
•1 lObai 

h 



t 

1 

IWI 

ta'.'KiJ 

<U'k(KI 

im’iUI 

lU.'tjK) 

ZOl 

oom 

17ll» 

00322 

iim 

Id 

00902 

1 

00233 

JTM7 


SotuUcn FroB TaUe 4.1, 

|.7lt9U/%$K 

tad *1 • • 0.097Sa*^ 

Thn. 

(^y‘ 

• a022fiBVkB 

At 10 bv aad a specHk volwae of 00238 oi‘/kK ibc stean k svperheattd. the 
prucca B ibowB m Flf. 43D. 


4J| bmr o iac 
aoMwoa proccB fee 
eMBptaO 



laietpolattBi troa ihe lopw b ex tabka Table 4.1, 

iQjmi . oAzz2t 

H - ' ’»* ♦ . ,. 11 ■ ^ • ^ ’564) 

lOCQJJ-OAZ22) 

» 1.T704U/UK 

iBCKaie of cstTopy - 1.T7D4 - I.7II9 w 0i»l5 U/k| K 
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Th« gacond iMr 


ll WAj shown 10 sectioQ 3.1 that the polyiropic process is the general case 
lor a perfect ga& To hod the entropy change for a perfeci gas in the general 
caw. conuder Ibe aon-low energy equaiion for a revenible procese 
equatioa (1.6), 

6Q + pdv 

Alw for luiil nuis of a perfect gas from Joule's law du • c. iT. and from 
equation (2,$), pa • Rf lltercrore 


dC • e, «r + 


KTda 


Then from equation (4.7) 


ds 


^ e,dr ft dr 
T “ T * s 


Hence between any two states I and 2 


strated on a Ts diagran 
T|. then it b more coov 


(4.14) 


This can t>e illustratcil on a T-s diagram as in Fig. 4.21. Since in the process 
in Fig 4.21, 7^ < T,. then it b mote coovenient to write 


(4.15) 


Pig. 4.21 Potyvopic 
proceu for a perfect gas 
on a T-s diagram 



The first part of the eapiession for ij - a, in equation (4.15) is Ibe change of 
entropy in an isolbermal process from a, to Cj, ia. from equation (4.1}) 

S;t-s, - Rln^—^ (see Fig 4,211 

Also the second part of the espretsion Cor s, —s, in equation (4.13) U the 
ehange of entropy in a constant volume process from Ti to Ti, ia. referring to 
Fig 4ai. 
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44 R«v*r4lbl* procaMM on tht 7-4 di4sr4m 


1( can be Men theiefote iliai is cnkuUling tbe eolropy change in a polytropic 
process from suie I to slate 2 we have in effect replaced (he process by (wo 
simplerprocesses:froinl loAandtbeafroni A toZllitelearrroniFig.4.21 (hat 

Any (wo proGciaes can be chosen (o te^ace a polylropic process in order 
to ftod the entropy change. For eumple, going from t (o B and (hen from 
B (0 2 as in Fig 4.21, we have 

»s-4i •(*a-»il-(»s-»sl 

Al consiaoi tempeta(uie between p, and p,. using e<)ua(ion (4,13), 

s.-*,-Rta(ei) 

and a( constaoi pressure between Tg and Ti we have 
s.-s,-c,ln(g) 

Hence, 

s,-..-Rlo(ji)-c,ln(n) 

or Si-Si “C,ln^^^ + Rtn^^^ (4.16) 

Equation (4.16) can also be derived easily from equation (4.14). 

There are obviously a large number of possiUe equations for the change of 
entropy in a polylic^ process. Eadi problein on dealt with by sketching 
the r-s diagram and replacing the process by two other simpler reversible 
processes, as in Fig 4.21. 


Eaampio 4.8 Calculate (be change of entropy of 1 kg of air expanding polylropicaDy in a 
cylinder behind a piston from 6.3 bar and SSO°C to I.OS bar. The in^x of 
expansion is 1.3. 


Solution The process is shown on a T-s diagram in Fig 4.22. From equation 3,29, 


li'U/ "u-osj 


I.$I2 


Fig *Jt Process (or 
Exsnpk 48 on a 
T-s disgnun 



127 



Th« Second Law 


ihectfore 

T,-iH..S44K 
’ IJI2 

where r, • $$0 + 273 • a23 K. 

Now replace the process I (o 2 by two processes. I to A aad A to 2. Then 
at consiaoi temperature from I to A. from equation (4.13) 

>0JI4U/ktK 
At consual pressure from A to 2 

^.-*s-c,to(|)-i.oosta(!H) 

-a4i6 

Then Jj-j, = 0514-0416-OJWU/kgK 
j.e. Iftcrease in eotrt^y = 0098 kj/kg K 


Note that if in Example 4.8 a* - >1 happened to be greats than s. - a,, 
this would meao that a, was greats than a^, and the process should appear aa 
in ng. 4.23. 


Fig. 4J3 Allemttive 

T-s diagram for 
Example 48 



Exampln 4,9 003 kg of carbon dioxide (molar mass 44kg/kmol) is compressed from 

I bar, I5’C until the pressure is 8,3 bar, and the volume is then OXKMm’, 
Calculate the change of entropy. Take c, for carbon dioxide as 0,88 kJ/kg K, 
and assume carbon dioxide to be a petto gas. 

Solution The two end slates are marked on a T-t diagram in Fig. 4.24, The prooess is 
not spedSed in the example and no infonitalioo about it is necessary. States 1 
and 2 are fixed and hence a, - a, is fixed. The process between I and 2 could 
be reversible or irreveesible: the change of entropy is the same between the end 
stales given. With reference to Fig 4,24, to find a, — Sr we can first find — Si 
and thra subtract a« - a,. First of ail K is necessary to find R and then T^. 
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4.S Emropv ***<1 irr«v*rV<bllitv 


for E&umple 4.M 



From etjUJiiiofl (2.9) 

® = y.*i = |«9Nn»k;K 
m 44 

From e((iiaiioA (2.61. » mRT. Cherefore. 

T,.^jh.hLL}2Ll2^.yi,K 

mR a05 X 189 
Then from eqiuiion (4.13) 


s» - S; » «l'>(—j “ O.I«9ln^y j - a4 kJ/kg K 

consiant pressure from I to A 

5. - s. - c, - 0.8» ln(|l) - ai74 U/kg K 


where T, - 15 + 273 = am K- TlKn 

s, - sj = 0.4 - 0174 = 0.226 kJ/kg K 
Hciwe for 0.05 kg of ntbon dioxide 

Decrease in entropy = 0.05 « 0226 = 00113 kJ/K 


4.5 Entropy and Irravaraibility 

In section 4.4 it is pointed out llul, since eniropy is a properly, the change of 
cnirop) depends only on the end states and not on the process between the 
end stales. Therefore, provided an irreversible process gives enough informnlion 
to h\ the end stales then (he change of entropy can be found. l‘his 
can best be illusitaicd by some eiamples. 

Example 4.10 Sicam at 7 bar. dryness fraction 096. is throilled down to 35 bar. Calculate 
the change of eniropy per unit mass of steam. 
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T>i« Second Law 


Solution Ai 7 bar, dryness fraction 0.46. using equation (4.11) we hatv 


>>“>!,* *1*6. • '•’W + (0.96 X 4.717) 

Le. 9,-&S22ltJ/>tsK 

In section 34 it is shown that for a throttling process, h| *lij. From 
equation (12) 


h,.h, -h,, t S|\,- 697-t-(a96 X 2067) - 2682 kJ/kf 

At 3.S bar and the steam is still wet. since A|| > A]. From 

equation (12X A; At, 4 X}A^, therefore 


A, - A,. 2682 - 584 


0.977 


Then from equation (4.11) 


+ * 5^14)-6.81? kJ/kg K 

Thenfore. 


Increase of entropy s 6.BI7 — 6.522 « 0.295 kJ/kg K 

The process is shown oo a T-s diagram in Fig 4.2S. Note that the process 
is shown dolled, aixl the area under the line does not repr ese nt heal flow; a 
throttling process assumes iw beat flow, but there is a change in entropy because 
the process is irre^trable. 


Fig 4.25 ThroUlinf 
process Tor 

Eiamph 4,10 on a 

T-i diagiain 



Sxampit 4.1 1 Two vessels ofequal volume are connected by a short length of pipe containing 

a valve; both vessels are well lagged. One vessel contains air end the other 
is completely evacuated. Calculate the change of entropy per kg of air in the 
system when the valve is opened and the air is allow^ to All both vessels. 

So/i/f/o/7 (niuaUy (he vessel A contains air aitd tbe vessel B is completely evacuaied. as 
in Fig 426; Anally the air occujnes both vessels A and B. In section 5.4 it was 
shown that in an unresisted expansion for a perfect gas, the initial and final 
temperatures arc equal. In this case the initial volume is and the Anal volume 
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4.6 Entropy irrovortibility 


Fit. 4J6 Two 
welUIiKged 
inierconMCTed vcsscb 
for Example 4,11 



Fl|. 4.27 Proceu on a 
T-s dii|run for 
Example 4.)1 



is ^ stales can be marked on a T-s diagram as shown 
in Fig, 4.27. The process I to 2 H irreversible and must be drawn dotted. The 
change of entropy ts S; — Sj, regardless of the paih of the process between 
states 1 and X Hence, for ihe purpose of cakuJaling the change of entropy, 
imagine the process replaced by a reversible isothermal process between 
states I and 2 Then from equation (4.13) 

(j, - - R j = OJ87 

-0.2B71a2-ai99U/kgK 
U, Inctnuc of entropy - 0.199 U/kg K 

Note that Ihe process is drawn doited in Fig 4J7, and the area under the line 
has no significaDce: the process is adiabatic and there is a change in entropy 
since the process is irreversible. 


It is important lo remember that the equation (4.7). ds > iQ/T, it true only 
for reversible processes, In the same way the equation dIF ■ — p dc is true only 
Tor reversible processes, lo Eaample 4,11 the volume of the air increased from 
Kt to 2F^. and yet no work was done by the air during Ihe process. 

ie. dlF-O yet V, - K, - 2F* - F, - V, 

Similarly. Ihe entropy in E>am(4c 4.11 iocreased by 0.199 kj/kg K and ye( (he 
beat flow was zero, ie. ds .s iQ/T No conhisioo should be caused it the T-s 
aod/or the p-r diagram is drawn Tor each problem and the suie points marked 
in their correct positions. Then, when a process between (wo states is reversible, 
the lines representing the process can be drawn in as full lines, and the area 
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Th« Second l^w 


Fig. A2A irreverabk 
adiabalic process Tor 
steam on a T-s ijuigram 


Fig. 4 Irreversible 
adubaik comprewion 
(or a perfect gas on a 
T-s diagram 


Sxar^ple 4.12 


uflder ibe bne reprweBis heat flow on the T* s diugrum and work done on Ihe 
p-r diagram. When the process between the states ii irrevembk the line must 
be drawn dotted, and the area under the line has no signiDcanee on either 
diagram. 

It can be shown from the second law that (he entropy of a thermally isolated 
system must either increase or remain the same. Fur instance, a system 
undergoing an adiabaiic process k thermally isolated from its surroundings 
since no heat flows to or fruoi the system. We have seen that m a reversible 
adiabaiic process the entropy remains the same. In an irreversible adiabatic 
process the eoiropy musi always increase, and the gain of entropy is u measure 
of the irreversibilily of ihe process. The processes in F.samples 410 and 4.11 
illustrate (hb fact As another example, consider an irreversible adiabutic 
cipansion is a steam lurbine as shown in Fig. 4.211 as process 1 to 2. A reversible 
adiabatic process between the same pressures is represented by I to 24 in 
Fig. 42S, The increase of entropy. 42 — S| •ij — Ss*. is a measure of the 
irreversibility of the process. Similarly, in Fig. 4.29, an irreversible adiabatic 
compression in a rotary compressor k shown as process I to 2. A reversible 
adiabauc process between the same pressures b represented by t to 34. As 
before, the increase of entropy shows the irreversibility of the process. 




in an air turbine the oir expands from 6.8 bar and AiO’C to 1.013 bar and 
150'C. The heat loss from the turbine can be assumed to be negligible. Show 
that Ihe process is irreversible, and calculate the change of entropy per 
kilogram of air. 
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4.6 Entropy orKl irrovor^tblltty 


Sotution Since the heat loss i$ negJipbk the process is adubatic. For a reversible adiabaiic 
process for a perfect gas. usic^ equation OJU 

h 

T, Kr,) 

703 / 6.8 Y' 

T, ■(.I.Olsj 

where T, « 430 + 273 - 703 K. 

T, - ^ - 408 K • 408 - 273 - 13$‘C 


Bui ihe actual lemperaiure ij ISO'C at the ptuture of 1.013 bar. hence the 
process is irresersible The process is shown as 1 lo 2 in Fig. 4,30; the ideal 
isenirnpic process I lo 2s is a^ shown. It is not possible for process I to 2 to 
be reversibk. because in that case the area under line 1-2 would represent heat 
flow and vet the process is adiabatic. 


Fig. 4 JO T diagram 
for Example 4.12 



Tbe change ctf entropy^ Sj " its coo be found by conaidenfig a reversible 
CDDstaat pmture process between 2s and 2. Then from equation (4.7). 
ds • d^/7! and at coiuUAt pressure for I kg ofa perfect gas we have dQ « c^d7 
ihcrtfore 


Si 


• i„ 


[‘<,dT 

Js. T 



- 1X10$ In 



0.0363 U;k«K 


ie. Increase of entropy, s, - s, b 0.0363 ll.'kg K 


Consider now the case when a system is not thermally isolated Irom its 
surroundings. T3>e entropy of such a system can increase, decrease, or remain 
the same, depending on the heat aossing the boundary. However, if the boundary 
is estended lo include Ihe source or sink of heal with which Ihc system is in 
communication, then the entropy of this new system must either increase or 
remain the same. To iUuslrale this, consider a hot ivservoir at T, and a cold 
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Tha S«eoAd Law 



feserv4Mt ai T.. and aasume that the two reservoirs are thermally insulated from 
ihc surrouadiogs u m Fig. 4.31. Ul the heal flow tram ihe hoi lo the cold 
reservoir be Q. There ts a cootinuoui lemperalure gradieot from T, to Tj between 
paints A and EL and it can be assumed that heat is iransTertcd reversible from 
the hot reservoir to point A. and from point B to Ihe cold reservoir. Ir will be 
assumed that the reservoirs art such that the lemperaiure of each remains 
constant. Then we have 

Heal supplied to cold reservoir • -t-Q 
Hence from equation |4fl) 


S1g4JI Two 
Ihennally'insultied 
interconnecied 
reservoirs of energy 


Increase of entropy of cold reservoir ■ + 


Heat supplied lo hot reservoir • -Q 


therefore 


Increase of entropy of hoi reservmr 


Net increase of entropy of system. As 


Since Ti > 7^ it can be seen that As is positive, and bence the entropy of the 
system must increase, In Ihe liniiL when ti» di fleieu ce is temperature is infinitely 
small, then As - 0. This confirms the principle thai the entropy of an isoLatad 
system must either inocase or remain the same In section 1.4, criterion (c) for 
reversibility was slated as follows: the difference in temperature between a 
system and ilssurroundings must be infinitely small duringa reversible process. 

In(heaboveesample,whenr, > rj.lhenthehealflowbeiweenthereservoirs 
Is Irreversible by ibe above criterion. Thus the entropy of the system increases 
when (he heat flow process is irreversible, but remains the same when Ihc process 
is reversiUe The increase of entropy is a measure of the irreversibility. The 
processes occurring in the above example can be drawn on a T-s diagram as 
in Fig 4.3Z The two processes have beeo superimposed on the same diagram. 
Process P-R represents the transfer of Q units of beat from the hot reservoir. 


Fig. 4J2 Processes for 
the hoi and cold 
reservoirs on ■ 

T-s diagram 


134 


4.6 £x«rgv 


and the area under P-R is equal to Q, Process X-Y represents the transfer of 
Q units of heat to the coM tescrsoir, and the area under X-Y is equal to Q. 
The area under P-R is equal (o the area ustdet X-V. and hence it can be seen 
from the diagram that the entropy of the cold reservoir must always increase 
more than the entropy of the hot reservoir decreases. Thus the entropy of the 
combined system must increase. Note that, since in this example both processes 
P-R and X-Y are reversible, then the irreversibility occurs between A and B 
on Fig. 4.31. That is, the irrevenibility is caused by the heat transfer process 
between A and B. Whenever heat is transferred through a finite temperature 
dilFerence the process is irresersible end there is an increase of entropy of the 
system and its surroundings. 

In oenain processes the irreversibility may occur in the surroundingi then 
the process is inienully reversiUe. and areas on the p-v and T-r diagrams 
relate eloKly lo the work and heat respectively as before. Inlemal reversibility 
was meolioned earlier m section 1,3. In most problems when a process is assumed 
10 be ceversibk it is inlemal reversibility which is implied. Conversely, most 
processes in practice which are said to be irreversible are inlemally irreversible 
due to eddying and churning of (he working fluid, as in Esample 4.13. 

Referring lo Fig 4.31, if a heat engine were interposed between the hot and 
cold reservoirs, some work could be devrioped. The second law slates that heat 
can never flow unaided from a cold reservoir to a hot reservoir, therefore in 
order lo develop work from thequaDlily of energy, after it has been transferred 
10 the cold reservoir, it would be necessary lo have a third reservoir at lower 
temperature than the cold r eser voir. It is clear that when a quantity of heat is 
uansferred through a fiiiite temperature difference, its usefulness becomes less, 
aod in the limil when the beat has been transferred to (he lowest existiog 
lemperatuce reservoir (hen no more work can be developed. Ineversibilily 
therefore has a degrading eBect on the energy available, and entropy can be 
considered as a measure noi only of irreversibility but also of the degradation 
of energy. Note that, by ihe principle of conservation of energy, no energy can 
be destroyed; by the Second Law of Thermodynamics, energy can only become 
less useful and never more useful Systems tend naturally to suits of lower 
grade energy; any system moving to a state of higher-grade energy without an 
external supply of energy would be vtolaling the second law. The second law 
can be seen to imply a direction or a gradient of usefulness of energy. Work is 
more useful than beat; (be higher the temperature of a reservoir of energy 
Ihe more useful it the amount of eoergy available. Applying this latter conclusion 
to a beat engine it can be deduced that, for a given cold reservoir (e.g. the 
atmosphereI. then the higher the Icmpemtuin erf the hot reservoir, ihe higher 
will be (he thermal cfEnency of the heat engine. This will be discusMd more 
fully in Chapter 5. 


4.6 Energy 

The theoretical maximum amount of work that can be obtained from a system 
at any state p, and T, when operating with a reservoir at the constant pressure 
and temperature po and 7^ is caDed the txerpy or acallahiUt). 
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nt« axonrt itw 


Nofi'flow 


rpKNlcf a %ffUtn cosusUof of a flaiil« a briiind a piaon, (be fluid 

etpaadiaf irrciabl^ fton tiMial coodaaomal f, and Ti (o fliial ainoaphenc 
coAdiiKM» of ^ and T*. letafiAe abo ihM (be tymrn worbi in conjunction 
wKh a feitnMe beat <n | >oe m hk * raeam beat iwemMy from ihe fluid in 
ilM cybfKk* >MCb dial (be woekiag wibnanca of «be beat eagme fonow* the 
cycle 01 AO ai cbovn In Fi^433fa) and OMbL where i, » «« and « Fa. 


Flf. 4JJ IBieiraHon of 
Ihe eierfy of a ijaiem 


1^ 





Note; The ooly peaiUe wey ■ whjcb (Ua eoufd ooiir would be if an ioAoiie 
number of reversible boU engina woe anar^ed is paraUd. each operaiiog eo 
4 Carnot eyde Isce CK 5V each one receiving hear at a difkrcnr coosuinl 
leeiperatore and csdi one lejeclng beu at Ft. The worii done bf Uua eagme 
is gi^es by 

-»’-Ec 

(be ref OR 

The heal supphed to (be engine u eqoal to tbe heel rejected b) ihe fluid in 
the cylinder. HvrefoR for (be fluid is (be cylinder imdef|; 0 mK the process I 
to 0 . we bavc 

-*1 

Therefore ihe toial work output is gi««i by 
• IT* + 

• toi - ■•! - Tits, - 

The wrwk done by the fluel on the pnton r lem than the lotal work done by 
Ihe fluid. ^**Bre b work done on the aimoiphefe which h al ihe 

comisnl pecrtUR put*^ Problem }.24k Thai n 

Work done by fluid on atmoqdwre. - «fvira - | 
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Note: when a fluid undergoes a complete c]^ then the net work done on or 
by the atmoipbere is lero. Hence 

Maiimura work available s Work done by fluid on piston 
+ Work done by en^e 

“(«■ -uo>- Te(»i-*e)-Po(uo-ei) 

- (k, + Poe, - Tos,) - (tig + Pofo - loio) 

-0, - do 

The property a ■ -f Pgr — T^s is called the specfflc itorhfloiv exeriy. 


Steady-ftow ayatema 

Let fluid flow steadily with a velocity C, from a reservoir in which the pressure 
and temperature remain coissUol at p, and T, through an apparatus to 
atmospheric pressure erf pg. Let the reservoir be at a height Z, from the datum, 
which can be taken at exh from the apparatus, ie. Zg ^ Q, For a maximum 
work output to be obtained from the apparatus the exit velocity, Cq, must be 
zero. It can be shown as for noo'Aow systems above that a reversible heat 
engine working between the limits would rqcct 7^(5, — Sg) units of heat, where 
7^ is the atfflospbeiic temperature. 

Therefore we have 

Specific energy - (h, + Cf/2 + Z,p)- Ag - Tils, — Sg) 

In many thermodynamic systems the kinetic and potential energy terms are 
negligible, 

Le. Specific eiergy- (h, — TgS,) - (hg - 7isg>- h, - hg 


EffectivensM 


Instead of comparing a process to some imaginary ideal process, ai is done in 
the ease of iienlropk eflksertcy for inslancc (aee p. 2K). it is a belter measure 
of the usefulness M the process to compare the useful output of the process 
with the loss of exergy of (be system. The useful output of a system is given by 
Ibe mcTcase of exergy of the surroundings. 


i,e. Effectiveness, s 


mefease of exergy ofsurroundinp 
knsofeiergy of the system 


For a compression or heating process the effectiveness becomes 


increase of exergy of the system 
loss of energy of the surroundings 


(4.17) 


137 



Th« 8*eond <.«w 


Exempla 4.13 Steam expands adiabilically in a turbine from 20 bar. 400*C(o 4 bar, 2}0'C. 

Calculate: 

(i) (he iseatropac cfRdeney of the process; 

(ii) the loss of eietgy of (te tysten assuming an atmospheric Icmperaiuie 
of 15“C; 

|iH| (be effectiveness of (he process. 

Negleci chaages in kinebe and potential energy. 

Solution |i) Initially the steam issupe(bcaied at 20 bar and 400*C. hence from taUea. 
b,-»48U/lcg and s, • 1.126 U/kgK 
Finally the steam is superheated at 4 bar and 2S0‘C hence from tables 
A,-2965U/ltg and a, - 7.3T9U/lcgK 

The process is shown as 1 to 2 in Fig. 4.M 
s, -s^-7.126 U/kgK 


Fig 4J4 T-s diasraci 
lor Example 4.13 



Hence inteipolating 




27S3 * 


7.126-6.929 \ 
7.172-6929./ 


(2862 -2753) 




• 2841.4 kJ'kg 
IsenlropiceflKlency 


actualwork output 
nentropie work 


A,-*, 3248 - 2965 283 

"a, - A„ ” 3248 - 2841.4 " 406.6 
Lossofexetgy - fc, - fcj - A, - Aj + liCsj - s,) 

- 283 4-288(7.379 - 7.126) 


69.6% 


-«$.9U,’kg 
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4,€ Sur^y 


(siil 

it. 


RAectiveoess, e 




-W h,-h 


i.-fc, 

283 

355.9 “ 


i, -6 
T9^% 


2 


2 


Note; (be cBectik-eixa is grcaier ihaa (he isenicoiMC eflkiency; ihii li becsusc 
ihe sluni a) jiaic 2 has a hither nerty ihan lhal at scale 2s due to (he healing 
effecl of (be irreversibilittes in ihc eapansios process. 


ExampIn 4,14 Air ai I5*C is lo be healed lo 40‘C by mixing il in steady flow with a 
quantity of air at 90'C. Assuming Ibai Ihe mixing process is adiabatic and 
neglecting changes in kinetic and polenliai energy, calculate the ratio of the 
mass Bow of air Initially ai 90'C to that initially at 15 *C Calculate also 
theeffectit'eDess of the heating process d (he atmosphenc temperature is 15 ‘C. 

Solution Let (he ratio of mass flows required be y; let the air at 15'C be stream I, the 
air at 90*C be stream Z and the mixed airstream at 40 be stream 3. 

Then c,r, + yc,T, - (1 + jr)c,r, 
or je,tTj - T,)-c,iTj - T,) 
it y(90 - 40) = 40-15 
therefore 



Let (he system considered bea stream erfair of unit mass« healed from 15 to 40 °C. 
Increase of exergy of system per unit mass of air initially at I5°C 
• =(*,-*,)-To(s,-s,) 

W 1.005(40 - IS) ~ 288(s, - i,) 

a, - 1 , - r,ln(^) - I.OOS ln(|^) - 0,0831 kj/ki K 

therefore 

Increase of esergy of syslem per unit mass of air initially at I5"C 
w 11.005 X 25) - (288 X 0.0831) 

- l.l95U/kg 

TlK system, whkfa is Uk air being heated, is 'surrounded' by the airsirciun 
being cooled. Therefore, the loss of exergy of the surroundings is given by 
libs ~ bs) pet unit mass of air ioilially at I5'C. 
ie. 
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£xamp(a 4.15 


$9fution 


Loss of ecergy of surrouodiiigs per unit ma<^ of aif initiilly at IS 

-0.5^1.005(90-40)-288 x IJJOSlnj^^ 

-5.65kJ/kg 

Therefoic 

EAectivcnen - ^ - OJ27 or 217Vi 
3.65 

The low figure for the efleciivenete it ao iodicaiion of the highly Irrevenible 
naiure of ibe mialBg procesa. 


A liquid of spedfic heal 6.3 kJ/kg K is heated al approuioalely constant 
pressure from 15 to 70*C by passing it through tuba which are immersed 
in a furnace. The furnace temperature is constant at 1400*’C. Calculate the 
effitttiveness of the heating process when the aimosphenc temperature is 
lO'C. 


feusease of esergy of the liquid is 


j.e. 



l-To(s,-s.) 
- 63(70 - 15) - 283 X 63 


- 34.7 kJ/kg 

Now tlie heat rqected liy llie furnace is equal to tlie heal supplied to the liquid 
|fi] -fiik If this quantity of heat were supplied to a heal engine operating on 
the Carnot cycle its Ihennal dfiaaxy would be 


V 1400 + 273/ 

For the thermal eflidency of a Carnot cycle see p. 126 Therefore work which 
couM be obtained from a heat esigine is given by the product of (he thermal 
efficiency and (he beat supplied. 

i.e Possible work of a heal engine - (kj - k|)[ I - ) 

\ 1673/ 


The possible work from a heat engine is a measure of the loss of eaergy of the 
furnace Thai is 


Louof esergy of surroundings -63(70 


--(-a 


- 2 aBkJ/kg 
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Pfobl«ma 


Then EITectivencu ---0.121 or 111% 

2KS 

The very low velue of effectiveoeu leOecu (be imveniMlily of the irassfer of 
heal through a large lemperalure dinerence. If the fumaee remperaiure were 
much lower (he procesi would be much more effective, although the heal 
transferred to the liquid would remain Ibe same. 


For further reading on this topic sec ref. 41. 


Problema 

4.1 I kg of steam at 20 bar, dryness fracooo 0i9, b heated reversibly at coastanl prasure 
to a lemperalure of 30O*C Calculate the heat supplied, and the change of entropy, and 
show the process on a T~s diagram, mJMiwrin g tbe area which represents the boat fiow. 

(4|}kJ/kt; 0.ai73 U/kgK| 

4.2 Steam at 0.05 bar, lOO'Cb to be coodeoeedcomplelely by a reversible coDStant pressure 
process. Calculate the beat r^ected per kilogram of iteaiD. and the ebaoge of ipecitic 
eotropy. Sketch the process on a T-s diagram and shade io the area which repreeenis 
the heat Sow. 

(2550 kJ/kg^ 8.292 U/kg K| 

4 J IXQS kg of steam at 10 bar. dryness iractioii 0.84, u healed reversibiy in a rigid vessel 
until tbe pressure b 20 bar. Cskolate Ibe efaat^ of entropy and the beat supplied. Show 
the area which represeutt the heat supplied on a T-s diagram. 

(0.0704 U/kg K; 36.85 U| 

44 A rigid cyliadet cniitaining 0.006 m* of nitrogen (molar maa 28 kg/kmol) at 1.04 bar, 
IS *C.b boated reversiUy uotii tbe temperature b90*C Calculate the change of entropy 
end the beat supplied Skcidi the process on a T-s diagram. Take the isentropic lodes, 
y, for nitrogea as 1.4, and atiume that nitrogen u a perfect gas. 

(0.001 2SU/K:0407kJ| 

4J 1 m* of air b heated roveetibly at constant pressure from 15 to 300'C, and b then cooled 
reversibly at conaiaai volume back to the initial leapertiuie. The mhisi preuure li 
103 bar. Caleubte ibe net heat Bow and tbe ovemll change of eotrtqsy, and ekelch the 
preceasei on a T-s diagram. 

(lOl.SU; D.M U/KJ 

e.g I kg of steam undergoee a revethble Isoihemal pcocees from 20 bar and 250 'C to a 
pressure of 30 bat. Cticubie tbe beat Sow. luiing wbetber it n suppiiad or teiecud, 
and sketch Ibe proeeas on a T-s diagram. 

(-13SU/kg) 

4.7 I kg of air b allowed a eipood iwvenibly io a cylinder behind a pbton in such • way 
Ibtl the temperature rAiiiucanitioi at 360 'C while Ibe vr^une b doubled. Tbe piston 
b then moved in, and heal b rejected by tbe ur reversibly at conilint pressure until 
the volume b the tame u it was inllially. Calculate ibe net heat Sow and the overall 
change of entropy. Sketch tbe process on a T-s dsagnnL 

(-l6I.9U/kf: ~a497U/kgK| 
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4J Steam V 5 bar, 25*C. eipuHto bentfopK&lly (o a procure of 0 7 bar. Calculate the ftnal 
condition of the Mean. 

(0.967} 

4.9 Steam expondi re«vnibly in a cyfandef behind a pulon from 6 bar dry lalunited. to i 
prcMure of 045 bar. Aaumini that the cylinder r» pcrfealy therntaJly iniulaied. calculate 
ibe work done dunoi (be eapuuioB per kilo^m of iioam. Sketch ihe process oo i 
T-r diagnm. 

(3224 kiykp) 

4.10 I ki of a floMl at 30 bar. 300'C. expands rc\ers>bly aod isoihermalty to a pressure of 
0.7S bar, Cakulaie (he heal tow and the work done (i| aheo (he fluid is air, (il) when 
the fluid is sietfli Sketeb eaeb proceas or i T*r dia^ran. 

(607 kJ/k|: - 60? U/k|; 1035 kJ/kc: - 975 kJ/k|) 

4.11 I k| of a fluid ai 162 bar. - 3 *C, b compressed according io a law pv ■ constant lo a 
pnesuK of 12 bar. Cakulaie the work input and (he beat supplied (il when (be fluid 
is air. (H) ^ben (he fluid b a refrt|erao( isUially dry saturated wiih the properties fiveo 
in Tabb 4.1 Sketch eadi process on a T-s dofram. 

(1141 ki/kc -8141 ki/k|: 2163 kJ/kg; -6.69 U/kg) 


Table 42 PropCTties of 
rtfngerani for 
Problem 4.11 


Satiiraiioo values 


P, 


*< 


cc) 

|bac| 


tu/kil 

<k}/k*) 

-3.0 

142 

041757 

54,07 

292.94 

32J 

B.20 

aoMt 

144.29 

3I3X)S 


4.12 1 kg ^airal 1013 bar. t7*Cis compressed aaordisig lo a law pc^ *» constaot, until 
ibe pressure b 5 bar. Calculaie the ebaope of eotropy and sketch the process on a T*s 
dstgraa, indicating the area which r e pre se nb the beat flow, 

I-OX)885kJ/kg} 

4.13 0.06 B^ ofcihane(molar laaM 30kg'knolLat 6.9bar and 260billowed toetpand 
bentropically m a cylinder behind a pbton lo a pressure of (05 bar and a lemperature 
of 107 ~C. Calculate r, K c^. c*« for ethaiK, aod cakulaie the work done during the 
expansion. Assume ethane lo be a perfect gai 

The same bus of eiliaae ai 1.05 bar. 107 *C b compressed to 6.9 bar according lo 
a law pc' * ■ coftstafit Cakulate (be final temperaiure of Ihe ethane and (he heal flow 
to or from the cylinder wafis during the coraprceiioft. Calculate also the change of 
eniropy duhog (he compress ion, and sketch both processes on a p-e aod a T~s dia|ram. 

(1.219; 0.277 U.'kg K; 1442 U/kg K; 1.26$ ki/kg K: $4.2 U; 377.7*C; 43.4 U; 

0.0862 ki/K) 

4.14 A1 the start of (he compression process in the redpreeaiing compressor of a rsfrigertuon 
plant (be refngeraot b at 14 bar. dry saiurated. At the end of the cotDpression proceas. 
which b according to a reversible polyirofuc law pi>'*^ ■ consiant. the preuure Is 6.5 bar. 
Using Ibe properties of refrigeraot gi*eo as Table 44, intarpolaiing where necessary, 
calculate: 

(i) the change of spedfle eotropy during (he process: 

lii) the degree of superheat of (be refrifervit after compeessioo. 

(a06U/kgK; 35 K) 
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Probifrfnt 


Tibk Properues of 
rerfiserani Tot 
Problem 4.14 


SaturatioQ values 



Superheated values at 6.5 bar 


Pi 


‘t 

r 

e 

1 

_ 

(•C» 

(bu) 


IU/k|KI 

rc] 

im'/k*) 

(U/kgK) 

-20 


0.I0» 

1.12 

so 

0.030 

MS 

2$ 


(k022 

l.ll 

n 

0034 

I.2I 


4.19 A centiQ perfect 941 foe whkta 7 ■ I 404 the noltf hum u 26 kf/knol, expend* 
revenibly ftore 727*C 0.002 n* to 2*C 0.6 oecordini to 4 Ibeer lew on 
the T-i diegmn. Cekulete ibe wort; done per kflogrtm of |ae ind iketeh (be proceea on 
4 r-e dieiram 

I-929J kJ/k|) 

4^19 1 k| of itr 4t 1.02 ber. 20*C uodersccs 4 prcceu in which the preseure is rtbed to 

6.12 her. tnd the volume becomes 0.25 m^. CtkuUte (be cbeoBe U entropy end merk 
(he ioititi tod Imal Kites oo t T>i ditgrauL 

(0.083 U/kgK) 

4.17 Steiun U 15 bar is tbroitJed 10 1 bar and 1 tcrapcratuir 4^ 150 *C Cakulate the iniiial 
dryoess fnetioD tod (he change of qiedbceauopy. Sketch the process on a T-s diagram 
and state tbe asswaptioos made hi Kk thronhag pcocas. 

(0.992; 1.202 U/kg K) 

4.18 Two vessels, one etacily twice (be volume of tbe other, an conoected by a valve and 
hDOKTsed 01 a constani temperature baib of water. The smaller vessel contains hydrogen 
(molar mass 2 kg/kmoll, aad (be oiher is compleiely evacuated. CaJculaie the change 
of entropy per kslogiam of gas wheo tbe valve is opoied and conditions are allowed to 
settle. Sketch (be process oa a T-s diagram. Assume bydrogea (o be a perfect gas. 

(4J67U/kgK) 

4.t9 A (urbioe u supplied with Keam at 40 bar, 400 *C, whkh eipaods through ihe turbine 
in steady flow 10 an eah pressure of 0.2 bar. and a dryness fraction of 093. The inlet 
velocity is neghgibk, but the steam leaves at high velocity through a duct of 0.14 
crosS'SectiofuJ area. If the man Bow is 3kg/i, and (be mechanical efhciency is 90%. 
calculate (be power output of tbe lurbinfr $how that the process is ineventble 
and calculate (be change of sp eciftc eniropy. Heat losses from the turbine are negligible. 

(2048 kW; 0.643 kl/kgK) 

4^ In 4 ceninfugal compreasor the air is eompressed threugh a preasure ratio of 4 to I. 
and the lemperaiure of the air increases by a betor of 1.65. Show ihai ihe process is 
irreversible and calculate the ebaage of entropy per lulograai of air. Assume that (he 
process Is adiabatic. Sketch the process on a T*s diagram. 

(0.105 U/kgK) 

441 Id a gas lurbioe ooit (be gases enter tbe turbtne at SS0*C and 5 bar and leave at I bar. 
The process is approsimaiely adiahaiie, but (he entropy changes by 0.174 kJ/kg K. 
Calculate tbe caii t em p erature of the gases. Assume tbe gases to act as a perfect gas. 
and take y ■ 1.333 and c, • |.|l kJ/kgK. Sketeh (be procevs on a T-s diagram. 

(3?a9 TJ 
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4.22 A ripd. well'laggtd mid of 0.3 cd ' cspacity conuiiu 0.7614 kg of Siam ti 6 bar. A valve 
a opened lod \he p iaaiu a to 1.4 bar before the valve u abut agaio Calculate ibe 
condiuonof ibe itcaA reaiaiAiaiia iba mid.and ihc oiau ofiieam vb«h hueicaped. 

10.969:0.516 kg) 

4.2$ A rigid veuel eofllaim (LSkf of a pedeet gas of spedfie beai at eoaiuwi volume 
].! U/kg K. A paddk a averted into (be vneel aod U U of work are dose oo 
(be paddle by ibe ntrrer oMtoc. Aouniag (ba( ibe vctsel ia well liiged and ibai the 
gai u lAitUUy at (be lenpefaitire of tbe nirrouadisgt which are at 17*0, caJculak ibe 
effectivesesa of (be proceaa 

(3.3%) 

4.24 The ideotkal veiad of Probkoi 4.23 is heated tiuoogb the umc temperature difference 
by iouneraiBg it ia a fanaee of coeiataat temperaiuft lOO'C. Calculate ibe effeciiveneia 
of ibe procesa. 

( 14 . 8 %) 

4.26 Sieam eaten a luxbioe at 70 bar. 500 *C aod (eaves at 2 bar in a dry aaturaced atate. 
Cakulace (be laeotropie eAciency and (be eSectivertna of the procacs Ntgkei ebanges 
ofkiDctk aod po(eDiii] energy and aaiiune that (be proceu ia adiibatK. Tbe iimoaphenc 
trmperttuR is 17 *C. 

( 844 %; 88 %) 

4.2$ In as opet>*type feed beater (lee {l 249), Reus eaien at 15 bar. 2C0*C Tbe feedwater 
enters (be healer a( I30*C aad leavei (be bealer at tbe etturalioo lempenlurs 
correapoaduig to (be prenurr la tbe heater of 15 bar. Calculate the masa of aiean 
entering per unit oiase of feed water eoterioi tbe bealer. 

Calculate also tbe loss of energy of tbe steam per tmit isaat and the effeciiveneaa of 
the healer. Aiauipe tbat there U do heat loer froa tbe heater and chai the atmospberic 
temperature ia 20*C. State any other asuoaptioQa made. 

(0.1536 kg; 734.9 kf/kg: 88.1%) 


Refarene«a 
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The Heat Engine Cycle 


Id this chapter (he beat eDgine cycle is discussed more fully and gas power 
cycles are considered ll can be shown that there is an ideal theoretical cycle 
which is (be most eflldeDl conceivable: this cycle is called (he Camot cycle. The 
highest (hennal efficiency possible for a heat engine in praaice is only about 
half that of the ideal (beorelical Carnot cycle, between the same temperature 
limits. This is due to irreversibilities in the actual cycle, and to deviations front 
the ideal cyde, which are made for various practical reasons. The choice of a 
power plant in practice b a compromise betvreen ihecmal efficiency and various 
factors such as (be sire of the plant Ibr a given power requirement, mechanical 
complexily. operating cost, and capital cosL 


6.1 The Camot cycle 


It can be shown from the Second Law of Thermodynamics that no heat en^ne 
can be more efficleot than a reversiMe heal engine working between the same 
lempersture limits fsee ret S.lh Camot showed ihst the most efficient possible 
cyde b one in which all (be heat supplied is supfdted at one Used lempeniure, 
and all the heal rqecied u rejected at a lower Used temperature. The cycle 
therefore consuls of two boibcrtnal processes joined by two adiabatic processes. 
Since all processes are reversible, (hen the adiabatic processes in the cycle are 
also isentropie. The cycle u most conveniently represented on a T-s diagram 
as shown in Fig. S.l. 

Proceu I to 2 is Iseniropic espansion (rom T, to Ts. 

Process 2 to 3 u isothermal heat rejection. 

Process 3 to 4 u iseniropic compression from Fj lo T|. 

Process 4 to I b isothermal heat supply. 

The cycle b completely independent of the vvorking substance used. 

The cycle efficieocy of a heal engine, defined in section 4.1, is given by the 
net work oulpul divided by the gross heat supplied 


1 


-1» IQ 

Qx Qx 


(5.1) 
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Fig. 5il Cantoicyek 
on a T^s diagram 


Exampla 5.1 


So/uMn 



In ihe Carnol cycle, wiih cefemtce to Tig. S.I.il can be leen lhal ihe graia heal 
supplied. 0,, is given by Ihe area 4IBA4. 

U. Q, - area 4IBA4 - T,(si —SaI 

Similarly (he net heal supplied. is given by ihe area 41234, 

ix. Ee-(r,-r,M*a-i.) 

Hence we have Carnot cycle efikieocy 

, (r.-r,)(s,-sj 

it (5.2) 

*1 

11 a unk for heat rcjcctioa b available at a Used lempcraluie fj (eg a large 
supply of cooling water k. then the ratio Tj/T^ will decrease as the temperature 
of the source T, b increased. From equation 112) it can be seen lhal as T]/r, 
decreases, then the Ibennal eflkieiicy increases. Hence for a Itsed lower 
lempcralure for heat rejeetioa. the upper temperaiure ai which heal is supplied 
must be made as high as possible. The maximum possible ihcrmai eHicicncy 
between any two temperatures u that of the Camot cycle. 


Wbal Is the highest possible theoretical efficiency of a heal engine operating 
with a hoi reservoir of lumacc gases at 2000°C when ihc cooling water 
available bal 10‘C2 


From equation (5.2) 


- 1 - ^ - I - 
Si 


10 + 273 . 283 

2000 + 273 “ 2273 


Highest possible effidency w I - 0.1246 

-0.8754 or 87.5454 
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It should be iwied lhal a system in praciice operating between similar 
lemperalutes|eg.asleam-geneTalmg plant I would have a Ihcrmai efficiency of 
about 30%. The discrepancy is due to losses due lo irreversibility in the actual 
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ptani, and also because or deviaiions froni ihe ideal Carnot cycle made for 
various practical reasons. 

It Is diificuli in practice to devise a sysleni which can receive and reject heat 
at constant temperature. A wet vapour is the only working substance which 
can do this conveniently, since for a wet vapour the pressure and temperature 
remain constant as the specific enthalpy of vaporiaiion is supplied or rejected. 
A Carnot cycle for a wet vapour is as shown in Fig. 5J. Although this cycle is 
the most efficieni possible vapour cycle, il is not used in steam plant. The 
iheorelical cycle on which steam cycles act based is known as the Rankine 
cycle. This will be discussed in detail in Chapter 8. and the reasons for using 
it in preference to Ihe CamM cycle will be given. 


Fig. fi.2 Camot cycle 
for a wcl vapour on a 
T-t diagram 



5.2 Absolute temperature scale 


In ibe preceding chapters a temperature scale based on the perfect gas 
ibermomrteT has been assumed. Using the Second Law of Thermodynamirs it 
is possible to establish a Icmperalure scale which is independent of the working 
substance, 

We have, for any heat cngiiie from equation (d.lj, 

c. 

Also the efficicTKy of an engrne operating on the Carnot cycle depends only on 
Ihe temperatures of the hot and cold reservoirs. Denoting temperature on an 
arbitrary scale by X. we have 

(5.3) 

where d is a function, and X, and Xj arethe temperatures of the hot and cold 
reservoirs. 

Combining equations (5.1) and (5.31 we have 

^•*ix,.x,t 

Vi 

There are a large number of possible lemperu'.urc scales which arc all 
independent of the working substance. Any working scale can be chosen by 
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suitably seleciio; the valiK of Ihc funclion The funciion can be chosen lhat 


Ic *2 

Cl ~X, 


(5.41 


Also (ram equation (5.2) ne base 


I) - I - 


T, 


Hence using equdoB ($.11 


I - 


0 . 

IC 

Cl 


T. 


(5.5) 


Comparing equations 15.4) and (15) it can be seen that the temperature X 
is equivalent to the lemperatucu T Thus by suitably choosing the (unction b. 
the ideal innperaiure scale is made equivalent to the scale based on the perfect 
gas ihennometer. 


5.3 The Carnot cycle for a perfect gas 

A Carnot cycie for a perfect gas is shown on a T-s diagram in Fig 5.3. Note 
that the pressure of tbe gas changes contmuously from p 4 to Pi during the 
Isoibennal heat supply, and from p, to p, during the isothermal beat rejectioa 
Id practice it is much more convesienl to heat a gas at approximately constant 
pressure or at constant volume, hence it is dillicult to attempt to operate an 
actual heal engmc on the Carnot cycle using a gas as working substance. Aooihar 
important reason for not auempting to use the Carnot cycle to practice is 
illustraled by drawing the cyck on a p-r diagram, as in Fig 5.4. The net work 
output of the cycle is given by the area 12341. Thb is a small quamiiy compared 
with the gross work output of Ibe expansioo processes of the cycle, given by 
area 4I2BA4. Tbe work of the compression pro oetses (U. work done on the 
gas) is given by the area 234AB2. The ratio of the net work output to the gross 
work output of the system is called (he work ratio. The Carnot cycle, desjnte 
ill high thermal efflciency, hu a low work ratio. 


Fig SJ Csmot cycle 
(or a perfect gas on a 
T-s diagram 
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Fig. ^4 Carnot c^cle 
on a diagram 


S.3 Tha Carnot cyelo for a parfoet gaa 



Eaampip S.2 A hot marvoir at 800*C and a cold mcrroir at 1 $ are available. Calculate 

the tbemal eflidency and (he work ratio of a Carnot cycle using air as the 
working fluid, if the majitmum and minimum pressures in the cycle are 
210 bar and 1 bar. 

Solution The cycle is shown on a T-s and p-v diagram in Figs 5.5(a) and 5.5(b) 
respectively. 

Using equation (5.2). 

r, 800 + 273 
Ic—. = <»-772 or 73JS 

In order to find the work output and tbe work ratio it is necessary to And the 
entropy change (S| — s^y 

For an isothermal process from 4 to A. using equation (4.12), 

s. - J. - «j = a2*71"^^) = IJ35 U/kg K 

At coDsiaot pressure from A to 2. we have 

CaiTiot qfCle J» - J, - - 1.005 Inf—) - 1.321 kJ/kg K 

tnpk5ion^-» * ‘ ' \tJ \ 288 / * 


Fig. 15 Carnot cycle 
for Example 52 on 
and T~a diagrams 
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iherdore 

J, - s. - I.SJS - 1.MI » a214 kJ/kg K 

Then 


Neiworko«lpul-(T, - T,K*i -».)-area 12341 
-<1073 - 2S81 X 0.214 ID I68kJ/kg 

Cross work ouipui is 

Work output 4 to I + work output 1 to 2 
From equation (3.12) for an isothermal process. Q + II'- 0. 
i.e. — H'* ) — ^—1 — area under line 4-1 on Fig. S.5(al 
-(s, -S 4 )< r, -0.214 X 1073 
-229.6 kJ/kf 

For un isentrcqsk process from I to 2. from equation (3.13). Il'a)u, - u,). 
therefore for a petta gas 

-K'j.i-c.fT,-r,) 

= 0.718(1073 - 2881 = S63.6 kJ/kg 


TlteTefore 

Gross work output — 224.6 + 363.6 - 743.2 kJ/kg 


Work ratio — 


net work output 168 
grosswork output 793.2 


= 0.212 


6.4 The conetent pressure eyel- 

In this cycle the heat supply and heat rejection processes occur reversibly at 
constant pressure. Tlie eipansion and compression processes are isentropic. 
The cycle is shown on a T-s diagram and a p-c diagram in Figs 5.6<a) and 
3.6(b|.ThiscyclewBsaloiiGlimetisedasiheidealbasisrorabo(*air reciprocating 
engine, and the cycle was known as the ioute or Brayton cycle. Nowadays the 
cycle is the ideal for the closed cycle gas turbine unit. A simple line diagram 
of the plant is shown in Fig 3.7, with the numbers corresponding to those of 
Figs S.6IB) and 3,6<bL The working sabsiance is air which flows in steady flow 
round the cycle, hence, neglecting velocity changes, and applying the steady-IIow 
energy equation to each pan of the cycle, we hate 

Woik input to compressor - (h< — hi) = c^fTj — Tj 
Work output from turbine = (hj - h,) - c,(7i - T») 

Heal supplied m healer - (h) - ft] I - c,lT, - Fil 
Heat reined bi cooler = Ihe -h|l = c^7; - F,! 


ISO 



6.4 Thtcomunt prMcur« eycl* 


Fif. M Comiani 
prasure cycl« on p-p 
and T-f diagrams 




rig. 1? Oo9a<l*<yde 
gu lurbine unit 



Thco from eqwiion (5.1) 

iQ c,iT,-T,i-c^T,-T,) ^ T,-T, 

Q. c,lT,-T,) T,-T, 

Now since ptocesses I to 2 and 3 to 4 an isentropic beiween (he same 
pressures pj irK] Pi. we have, using cqualion i3.2lh 


T, 


(r'"-s 


rt'-”" 


where r, is the pressun ratio, pj/p,. 
u. and T, 

Hence, substituting in the expression for (he eflicieiicy 


. t - 


T«-r, 


(r.-r.K’- 


, 1 -- 


j_ 

^-lor 


( 5 . 6 ) 


Thus for (Ik constant pressure cycle (he cycle efficiency depends only on 
the pressure ratio. In the ideal case the value of} for ait is constant and equal 
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to 1A In practice, due to thecddyug of ibe air as it flows Ihiough the compressor 
aisd turbine wbich are both rotary machioes, the actual cycle efficiency is 
greatly reduced compared to that given by equation ($.6). 

The work ratio of the constant pressure cycle may be found as follows: 

Work ratio - Net work output _ c,ir, - r«l-c,(r, - r,) 
Crouirarkoutpwt e^rj-T^I 


Now, as previously. 

r. ' T. 
therefore 


atsd 


Hence substilutiag 


7 ; 


T, 

r"-"” 


Work ratio- 


r,(r»-‘»-l) 
Tl[l -d/r';-"'’)] 


Le. Work ratio — 


1 - 


t/' 


(5.7) 


It can be seen frtsin equation (57) that the work ratio depends not only on 
the pressure ratio but also on the ratio of the minimum and maaimum 
temperatures. For a gives inlet temperature. r„lbe maiiniuiD temperature, T,, 
must be made as high as possible for a high work ratio. 

For an open^cycle gas turbine unit the actual cyde is not such a good 
apptoiimalion to the ideal constant pressure cycle, since fuel is burned with 
the air, and a fresh charge is continuously induced into the compressor. The 
ideal cycle provides oevertheiess a good basis for comparison, and in many 
calculations ftsr an irieal open<yc]e gas lurbioe the effects of the mass of fuel 
and the charge in the woikiog fluid arc itegleacd. 


Enampln 6.3 In a gas turbine unit err is drawn at IX)2bar and I5*C. and is compressed 
to 6.12 bar. Cakulaie the ihcimal ellicieney and the work ratio of the Ideal 
constant pressure cyde. when (be maximum cyck temperature is limited to 
K»*C. 


Solution The ideal cyde b shown on a T-s diagram in Fig. 5.8. From equation 15.6) 


Thermal efficiency, q — 


I 


i.e. II- 


\6i2/ 


1-0.599 
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Fig. S.S T-5 dHgram 
for Eiample 5.3 



ihcidoiT 

Thennal (flicKnc)' >0.401 or 40.1% 

The net worii output of the cycle n given by the work output of the turbine 
minus the work input in the compressor. 

ie. Net work output > c^tTj — 7^) — c^f Tj — T|) 

From equation 13.21) 



therefore 


T, - 1.669 K r, > 1.669 « 28K > 480.5 K 
where r, - 15 v 273 = 288 K and 

T. = = — = 642.9 K 

1669 1 669 

where Tj - 800 + 273 = 1073 K. Therefore 

Network output - 1.00511073 - 642.91 - 1.005(480.5 ~ 288) 

- 238.8 kj/k| 

Gross work output ■ work output of the turbine > e^(7^ - 7^) 
• t.005ll073 - 64I9)-4323Uikg 


Then Work ratio > 


networfcoulpvl 238.8 


grosswork output 432.3 


• a553 


5.6 The air standard cycle 

Cycles in which the fuel is burned directly in the working fluid are not heal 
engines In the true meaning of the leim since the system is not reduced to its 
initial stale. The working fluid undergoes a chemicaJ change by combustion 
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and (be resulting products ate exhsiisied to (be atmosphere. In practice such 
cycles arc used frequently and are called internal-combustion cycles. The fuel 
is burned directly in the working fluid which is normally air. The main advantage 
of such power units is (bat high t em p er atures rtf (he fluid can be attained, since 
heat is not transferred through metal walls to the fluid. It is seen from 
equation OJk i) • I -(T|/T,L that for a given sink for (be rejection of heat 
at T], the (einperaiure of the source, T,. must be as high as possible. This 
applies to all heat cornea. By supplying fuel inside the cylinder as in the 
iniemaJ-coinbiution engine, higher temperatures for the working fluid can be 
attained. The maiimiun tetnperalure of all cycles is limited by the metallurgical 
limit of (he malerials used. The fluid in an inlema]<ombus(jon engine may 
reach a (empcralure as high u 3000 K. This is made possible by esiemally 
cooling tbe cylutder by water or air cooling; also, due to the intermittent nature 
of the cycle, the srorking fluid retches its tnaximum temperature for only an 
instant during each cycle. 

Eaampks of intent-combustion cycles ate the open cycle gas turbine unit, 
the petrol engiiie, the diesel engine or oil engine, and the gas engine. The open 
cycle gas turbine unit, although an intenial combustion cycle, is nevertheless 
is a difleient category to tbe other intetiial-cambuslion engines: the cycle is a 
steady-flow cyde in which the working fluid flows from one component to 
another round (be cyde. It will be assumed, therefore, that the gas turbine unit, 
whether operating on the open or the closed cyde. can be satislaciorily compared 
with (he idea] constant pressure cyde. dealt with in section 5.4. Gas turbine 
cycles are considered in more detafl in Chapter 9. 

In the petrol eogiae a mixtute of air and petrol is drawn into the cylinder, 
compressed by (be piston, then ignited by an electric spark. The hot gases 
eipand. pushing (he piston back, and are (hen swept out to exhaust, and the 
cycle recomm e nc e s with (be induction of a fresh charge of petrol and air. In 
the diesel or oil engme the oil is sprayed under pressure into the compressed 
air at the end of the compressioD stroke, and combustion is spontaneous due 
10 the high temperature of the air after compression. In a gas engine a mixture 
of gat and air is induced into the cylinder, compressed, and then igniied as in 
tbe petrol engine, by an ckctric spark. Reciprocating internal-combustion 
engines ate consideted in more d^il in Chapter 13. To give a basil of 
comparison for the actual mienutl-combuiiion engine the air standard cyda is 
defined. In an air uanJard cyde the working substance is assumed to be air 
ihrougboui. all processes are assumed to be reversible, and the source of heal 
supply and the sink for heat rqection are assumed to be external to the air, 
The cycle can be repinsenied on any diagram of properties, and is usually drawn 
on Ihe p-c diagram, since this allows a more direct comparison to be made 
with the actual engine machine cycle. It must be stressed that an air standard 
cycle on a p-c diagram is a true (heimodyDaraic cycle, whereas a record of 
pressure variations in an engine cylinder agamsl pision displacement is a 
machine cyck. 
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S.6 Th« Otto cycle 

The Olio cycle is the ideal air standard cycle Tor the petrol engine, the gas 
engine, and the high-speed oil engitie. The evde is shown on i p-e diagram in 
Fig. 5-9. 

Process I to 2 is iscniropic Compression- 

Process 2 to 5 is reversible constant volume heating- 

Process} to 4 it tseniropk eipantion 

Process 4 to I is reversible constant volume cooling. 


Fig. It Otto cycle on 
• p-v disgram 



To give a direct comparison witb an aaual engiDe the ratio of the specific 
volumes, c,/r}. is taken to he the same as tbe comptessinn ralin nl ihe actual 
engine. 


ic. CotBpfessionnlia,r, ■ — 

"s 

swept volume -r clearance volume 
deamocavoluttsc 


(5.8) 


Tbe ihetmai efficiertcy of the Otto cycle can be found using equation (5.IX 

fl. 

The heat supplied. C|, at constant volume between Ty and Ty ii given by 
equation (2.15) per utul mass of ait 

ei-e.(T,-r,) 

Similarly the heal rqecled per unit mass at conitanl volume between 7^ and 
r, is given by cqualton IZI3), r.(7^ - r,l 
Tbe processes I to 2 and 3 to 4 are isentropic and therefore there is no heat 
flow during these processes. Therefore 

£2 cAT,-T,)-c.IT,-T,) 

Q, e,(T,-Ty| 
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Nowsincc processes I lo2aDd 7 (o4areiscnlropic. (hen using equation (3.20). 



where r, is the compression ratio from equation i$.8). 
Then Tj-Tef’' and r,-T,r;-‘ 

Hence substituting 


T.-T, I 

(r.-T.W'*' ry 


(5.9) 


It can be seen from equation (5.9) that the thermal efficiency of the Otio cycle 
depettds only on the compression ratio, r,. 


Example 6.4 Calculate the ideal air standard cycle efficiency based on the Otto cycle for 
a petrol engine with a cylinder bore of SO mm. a stroke of 7S mm. and a 
clearance volume erf 21.3 cm*. 


Solution Swept vedume « j x SO* x 75 = 147200 m* = 147.2 cm* 

Therefore 

Total cylinder volume w 147.2 4- 21.3 = 168.5 cm* 

ie. Compression ratio, r, ■ - 7.914/1 

Then u»ng equation 159) 

n - 1 - -L - 1-!— _ I _ 0.437.0.563 or 56.3% 

rj- 7,914'’‘ 


S.7 The diesel cycle 

The engines in use today which arc called diesel engines are fur removed from 
the original en^nc invented by Diesel in 1892. Diesel worked on the idea of 
spontaneous ignition of powdered coal, which was blasted into the cylinder by 
compressed air. Oil became ihe accepted fuel used in compresstan-ignition 
engines, and the oil was originally blasted into the cylinder in the same way 
that Diesel had intended to inject the powdered coal. This gave a cycle of 
operation which has as its ideal counterpart the ideal air standard diesel cycle 
shown in Fig. 5,10. 

As before (he compressioo ratio, r,, is given by the ratio Vj/t']. 

Process I to 2 is iscolropic compression. 

Process 2 to 3 is reversible constant pressure heating 

Process 3 to 4 b Hcnlropic espansion. 

Process 4 to I b reversiMe constant volume cooling 
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Fit< Sili) Diesel cytk 
on 6 p-v diagram 


Example 5.E 


So/uo'on 


9,7 nw dieni eyde 



From equaiion (5J) 

c. 

Al consunt pmsurc from equation 12.121 per kf of air 

0i 

Abo at cogsUioi volume from equaiioD (2.1)1. per kilogram of air the heal 
rejecied is ir,( TV — Tj k 

There is no beat flow in processes I to 2 and ) lo 4 since these processes 
arc iscDiropic. Heirce by substiiuting in the eipre^sion for ihermul efikiency 
the following equation may be derived: 


Ifa 1- 


<^-ikr’T 


(5.10) 


where p « Vj/ft * cvt.ofT rscio. 

E<)uatioa IS.IOI showit that ihe tbcnrul eflickney depends nnl only on (he 
compression ratio but also on the heat supplied between 2 and 3, which lises 
the ratio, Cj/C]. tiqualion (IIU) is derived by expressing each lempcraiure in 
terms of T, and % or p. The derivation is not given here because it is believed 
that Ihe best method of working out the thermal eflicieney is to culculule eoch 
temperature individually round the cycle, and then apply etjualion (3.IX 
1 - ^QIQi- Thb is illustrated In Esampic S S. 


A dKsel engine has an inlet temperature and pressure of 15 C and I bur 
respectively. The compression ralio is 12/1 and the maximum cycle 
temperature is 1100 °C. Cakulale the air standard thermal elftaency bused 
on the diesel cycle. 

Referring to Fig 5.11.7, - 15 + 273 - 288 K and T, - 1 lUO + 273 •> 1373 K. 

From equalioD 13.201 

t-fe)’""-'-"--" 

U. Tj = 17 * 288 = 778 K 
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Fit. 5.11 Diesel circle 
on a p-p diagram for 
Ekample 5J 



At conaUAt prtisitn from 2 to X unce pt^ RT tor » perfect gaa. thra 

Zk.fi 

Ti Pj 


U. 


fi IZZZ 

», " 778 


1.765 


Thetefote 


fl = fsfi.fifi.,2«_L.6.8 

Cj ^2^’} 1.765 

Then using equation (3.20) 



ie. 


T. 


U73 

'ZIS3 


638 K 


Then from cquiiioo (2.12). per kilognm of air 


fi< 7,)- 1.005(1373 - 778)-598 kJ/kg 

Also, (roffl equaiioo (113), per kUogram of air. the beat rejecied it 
e.(r. - r,) - 0.718(638 - 288) - 251 kJ/kg 


Therefore from equaiioa (5.1) 
ZQ 598 - 251 
e. " 398 


058 or 58H 


5.8 Th* dusl'Comlxiotion cycle 
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Modero oQ eopnes, allhough still called diesd eogioes. are more closely derived 
Irocn an eogiiie inveoted by Ackroyd-Stuail io 1888. All oil engioea today use 
solid iiqeciioD of the fud; the fud is injected by a sprisg-loadM iojeclor. the 
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FI(.S.12 Dual 
combusrion cyck on a 
<lia|ram 


Example 6.6 


fu«l pump being operated by i cam diiven from the eagiae crankshafl (aee 
section Tbe ideal cycle used as a basis for comparisoii is called (be 
dual-combustion cycle or the nised cycle, and is shown on a p-p diagram in 
Fig J.li 

Process 1 to 2 is iacntropic compressioo. 

Process 2 to 3 is reversible consiaal volume healing 
Process 3 to 4 is reversible constanl pressure heating 
Process 4 to S is iseniropic eipansion. 

Process S to 1 is reversible constant volume cooling 



Tbe beat is supplied in two pans, the first part at constant volume and the 
retnaindei at constant pressure, hence the nam e 'dual-combustion'. In order to 
fis the thermal eUtciency cotn|deiely. three &clors are necessary. These are the 
compresdon ratio, r, = Pi/ps- the ratio of pressures, h = and the ratio 
of vcduines, f ^ cj/cs- 

Tben it can be shown that 

- kf -\ - 

[(*~l) + y*(^-l)]e' ' 

Note that when It - I (ix. pj - p]|. then (he equation (S.ll) reducea to (be 
thermal efficiency of the diesel cycle given by equation (3.10). The clficiency of 
the duel-combustion cycle depends not only on the compression ratio but elso 
on the relative amounts of heal supidied at constanl volume and at constant 
pressure. Equation {3.11) is much loo cumbersome to use, and the best nielbod 
ofcakutaiing thermal efficiency is to evaiuate each temperature round ihe cycle 
and then use equalioD (3.11. q * 'fbe heat supplied, Q,, is found by 

using equations (1I3| and (2.12) for Ihe heat added at conitani volume and 
at CDDSlanl pressure respectively, 
ix. e, - cJT, - T,) -f c,(T. - r,) 

Tbe heat rejected it given by r,(T) - T,L 

An oil engine lakes in air at IDI bar, 20‘Cand Ihe maximum cyde pressure 
is 69 bar. The compressor ratio is 18/1. CalciUale the air standard Ihermal 
efficiency based on the dual-combustion cycle. Assume that the beat added 
at constant volume is equal to the heat added at constant pressure. 
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n«.5.l3 Dual 
eoiDbiucjoo cycle far 
Euople S.6 



Solution 


The cyde is shown on a p-r diagram is Fig. 5.13. Using equation (3.20). 


U. r,-3.l8 X r,-3.18 X 293-931 K 

vrben r, - 20 + 273 - 293 K. 

From 2 (o 3 Uk proces □ at corutaat vohuae. bcscc 


P3_2i 

Pj t. 


ance 


PlOj 

T, 


PlOl 

Tt 


aitd 


-B, 


B, 69 X 931 

I*. T, - — X Tj -- 

Pi Pi 

To find P], lue equatioD (3.19k 

?J-f?iy-18-*-57:2 
Pi \«j/ 

■X. p, - il2 X l.OI -STJbar 
Then iut»tiiuiiog 


Now lh« bear added al conslani volume ii equal lo the heat added at coruiani 
preuure la (his eaample. therefore 

e^r. — T|) — e^CT. — T.l 
Le. 0718(1112-931)- ixnsir.- 1112) 
therefore 


ix. 


r.- 


T.- 


I.OOS 
1241.4 K 
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To'find Tj il a ncccuary to know the vilue of the volume ratio, us/ 114 , 
At coDsiani pressure from 3 to 4 


^ 5 1241.4 

MI2 


I.II 6 


‘nierefore 


V, V 4 V]e4 I.II 6 


V 4 v,e4 

Thes using equation i)JO| 


[«.I4 


t-©"' 


■ 16.14* * - 3.04 


1241,4 

3.04 


:40gK 


Now the heat supplied, Q,, is given by 

( 2 .=c,(r,-T,) + e^T 4 -Tj) or 8 . - 2 e,(T, - T,) 

since in this eiample the beat added at consuni volcune is equal to the heal 
added at coDstanl pressure. Therefore 

Q,=2x 0.718 K (1112 - 931) >= 260 kJ/kg 
The beat rejected is given by 

c.(r, - T,)-6718(408 - 2931- 82.6 kJ,'kg 
Tiieo from equation |4Jj 

To 260-826 

r| - fei --» 1 - 0.318 - 0.682 or 68.2 V. 

e, 260 


Il should be mentioned here that the modem high-speed oil engine operales 
on a cycle for which the Otto cycle is a better basis of companson. Also, since 
the Otto cycle calculation for thermal efficiency is much simpler than that of 
the duaknmbusiion cycle, then Ihn is another reason for using the Olio cycle 
as a standard of comparison. 


B.9 Mean effective pressure 

The term work rolio is defined in section S.3, and is shown to be a useful 
criterion for practical power plants. For lotemal-combusiion engines work ratio 
is not such a useful concept, since the work done on and by the working fluid 
lakes place inside one cylinder. In order to compare redprocaling engines 
another term is defined called the /ircun effMirf pressure. Tbe mean effective 
pressure is defined as the height ofa rectangle having the same length and area 
as the cycle plotted on a p-c diagrassL This is illustrated for an Olto cycle in 
Fig. 5.14. Tbc rectangle AKDA is the same length as the cycle 12341. and area 
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Fig. S.U Man 
dtoivc preuure on « 
p-v dUgnm 



ABCDA is equil to area 12341. Theo the mean effective prcuure« p.. is the 
height AB of the ncumgle. The wwk output per lilogntn of air caa tberefoio 
be written as 

- IF-atea ABCDA-p.(v,-e 2 ) (J.12) 

The term (e, — r^lisproportKmalto Ibeswept volume of the c^iiDder, hence 
it can be seen from equation ($.12) that the mean eSeciive preisure gives a 
measuce of the work output per sw^ volume. It can tberrfore be used to 
compart similar eogioes of different size. The mean eSective pressure discussed 
in this section is for the air standard cyde. It will be shown in Chapter 13 that 
the indicated mean e fle c ti ve pressure of an actual engine can be measured from 
an indicaior diagram and us^ to evaluate the indicated wort: done by the engine. 


Example 6.7 Calculate the mean efleetive pressure for the cycle of Example $.6. 

Soiotion In Example $.6 the beat supplied, Qi, and the cyde efficiency were found to 
be 260 kJ'kg and 682% lespectively. From equation (4.2) 

-)F 



Iliemforc 

- IF - e(2, - 0.682 X 260 - m U/kg 
Now from the definition of mean effective pressure, and equation ($.12), we have 


-Wm pje, - c,) 

Using equalion (2$), pt~RT and equation (S.8).r, • e,/e] - 18, then 
f e,\ 17 ITfir, 17 x 287 x 293 

'l - Fr “ " jgF, “ jg “ |g , , Q, , IQS 

ie. e, - e, - 0.786 mVkg 

Then substituting 

-)F = p,xft786 or p.=-lF,'ft786kJ/ra* 

177x10’ 

«. Mean elfeciive pressure = —,-= 225 bar 

10’ X 0.786 


162 



9,10 Tht StlrflAO WM) Erietioiv cyclM 


5.10 The Stirling and Ericsson cycles 

It has been shown that no cycle can have an efficiency greater than that of the 
Camoi cycle working between given leniperaiure limits T, and fj. Cycles which 
have an efficieocy equal to that of the Carnot cycle have been dehned and ace 
known as the Stirling and Encsson cycles mod (hey are superior to the Carnot 
cycle in thet they have higher work ratios. 

The Stirling cycle is shown in the p-c diagram In Fig. S.I5{a) and is 
represented diagtammaticaliy in Fig S.ldlb): it must be emphasized ihai this 
is nol a physical description of a Stirling engine but one which may help to 
give an undeisianding of Ihe way the processes which make up the cycle are 
related. 


Hf.gtS Stirling 
engine and the Stirling 
cycle 


ReacnctiTur 



'Scfacmalic' icpracnialion of (he Surhos cngiac 

la) 



(bl 


Heal is supplied to the working fluid from an external source, process 2-3. 
as the gas expands isothennilly 4 * Tjl, and heat is reiecied to an external 

sink, process 4-1. as the gas b compressed isothermally |T| = 7^|. The two 
isothermals are connected by the reversible constant volume procesKS 1-2 and 
3-4 during which the tcroperaiuit changes are equal to (Tj - T,). The heat 
rejected during process 3-4, — T|k is used to heal the gas during 

process I -l,e,tT, - T|) »c,|T| - T^land this is assumed to take place ideally 
and revenibly in a regenerator. The regencraior requires a matrix of material 
which separates the heating and cooUag gases, but allows the temperatures to 
change progiessively by infiniiesiinal and eoriesponding amounts during Ihe 
processes. This regenerative process takes place at consliol vdume and it 
Iniemal to the cycle. 

The efficieocy of the Stirling cycle it obuined by contideriog Ihe beat irantfera 
between Ihe system and Ihe bodies eiiemal to it. le. a high-iemperalurt heal 
supply and a low-iempentutc sink to which heal is rejected. 

Heal supplied from the hot souiee, using equations (3.11) and (3.12), 

Qi.i ~ - IH-r ~ ^ ^ ^ 


163 




Th« HMt EA^In* CyeU 


Similarly 

Heat re)teui to the coldsink • HV.| •• UT, 
therefore 

and ai the cycle efflcicQcy, i 

For tbe coosiaat volua« process 1>Z 

£2*12 and /or process £2 a« I 2 • 

Pi P* ^ T", 

Ibeidbrt 


•SC/Ci->. therefore 


£! = £» 
Pi p* 


and 


Pj _Pl 
Pi Pi 


therefore 


rt ■ 1 — — «the Carnot efBoency 

Thia Tcault can be deduced without formal ;voof at the heat supply and rejeotion 
procaascs take place at coasiant temperaturea 


Work rabo 


network output 
gross work output 


->H.s+ **;-, 

-»i.i 


.u 

Ci-1 


eycle cAWieney, a 


since 

The practical ioterpretabou of the ideal cycle will not be described in detail 
here and the reader la advised to coosull the tpeelalist literature for the 
mechanical arraDgeneDU employed and the petformanoe issesunenls (we 
refs U and 5J), Figure $-l9(b) gives i simpUfM represemaUon of the engitK 
and shows the necessity for two pistons, a working piston and a displaciog piston, 
which in fact work in dsBateot parts of ibe saiiK cylinder and not as represented 
It is accessary to the ideal cyck for the pistons to move disconlinuousiy and 
this it only approaimated to by the meebanisms employed. Tbe rcaull is that 
the processes ^ the ideal cyde are nos achieved sod there is a considerable 
'rounding off of the ideal p-r diagram as the healing and cooling processes 
merge to depart considerably from the constant volume beabng concept. 
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Pcobisms 


*nic allractioDS of (he Slirliag engine are tha( il can uiilize any form ofheat 
from conventional or indigenous fuel solar or nuclear sources, provided Ihe 
lemperaiurc created is high enough. The engines are quiet, tvith an efficiency 
equal to or belter than the best internal combustion cngiDCs asid with little 
vibration due to Ihe nature of the drive needed to give the dilTereniial movements 
between the wori:ing and displacing pistons. The possible range of application 
of the Stirling engine is wide and includes marine use, electricity generation for 
peak loads and as a stand-by unit, automotive purposes, particularly in 
comparison with (he diesel engine, and for situations when unconventional fuels 
or heal sources can. or must, be used. The most important applicaiinns up to 
now have been as an air engine and as a reCngeralot; with the Stirling cycle 
reversed, it is capable of rcachlog the low temperatures of the cryogenic regions. 

The Ericsson cycle is similar to the Stirling cycle except that the two 
isothermals are connected by constant pressure processes, as shown in Fig S.I6. 


f'lg. S.U Ericsson 
cycle on a p a* diagram 



Problems 


S.1 Whal il Uk higbnt cyek effioeocy po&sible foe » heal enfine opentin; between SOO 
and 15*C? 

(73.2%) 

Two Kvenibte heal engine operate id teriea beiween a lource at 527*C and a link at 
17 *C If the eagiiMa have equal cffidenoca and ibe fim rejeeu 4flOU lo (he second, 
calcutaie' 

(0 (he tenpeniure at which heat a supplied lo ibe second enfine; 
tii) ihc heal lahcn from ihe source: 

Imi (he work done b; each en(me. 

AMume that each en|ine operatet on (he Camoi c>tte. 

<2)8.7‘C: 664.4 kl; 364.4 k^: U) 

B J I n a Camol cycle opemuag between )07 and 17 *C the cnaxini uai ud reaimun preuuref 
are 63.4 bar and 1.04 har. Cakulaie the c)ck efficiency and ihe work ratio. Aiiume 
air to be the woikiag fluid. 

(50%;0.286i 

S.4 A d<Med<)Cle gas turbine unit operating with maumum and minimum lemperalurei 
of 760 end 20*C ha* a prtMure ratio of 7/L Calculate (he ideal eycic efficieticy and 
(he work ratio. 

(417%;0.S05) 


165 



Thft HMt Ei>9ln« CyeU 


M to to tit suBdaxd Oii« cyde the mtsinun tad ounimuin temperiturts are 1400 and 
15 *C The heal iuppiM per kUofram ol air is 800 U. Calculate ihe compression rado 
askd (be cyde eAcieocy. Calculate abo ihe ratio of maximum to rainimum prcsauKi 
in the c)de. 

(S.27yi;48.5%:5a6S/U 

fi.l A fbur*<>Ko(kf petrol eofiBe baa a swept volume of 2000 cm and the eJea ranee vo! ume 
in each cylinder is 60 em*. Cakulaie (be air atandard cycle efficiency, lithe int roduetion 
eoadiucmi are I baraod 24'C and the loaxinum e>de tempeniure ii 1400 'C. calculate 
(he mean effective pressure baasd on (he air itssdard cycle. 

159.1%: 5 28 bar) 

1.7 Calculate the cyde efficiency and (Dean effective preiture of an air standard diesel 
cyde with a eomprcasioo ratio of 15/i. and maximum and minimum cyde lempcmturei 
of I6S0*C and 15'C respectrvdy. The maximum cycle pressure is 45 bar. 

159.1%: 8.58 bar) 

SJ In a diiaJ<oatlHisiiofi cyde titf maximum tempeniure is 2000‘C and ihe maximum 
pressure is 70 bar. Calculate (be cyek efBoency aiul the mean effective preasure when 
thepreaaureand icmpeniareat thesuri ofeonpressionare I bar and I7*C respevilvely. 
The eompressioD ratio is 18/1. 

(63.6%: 10.46 ban 

dJ Ao ail stjodard dual^oabunioa cycle has a mean effective pressure of 10 bar. The 
nuaiaim picsiore aad terapenture aie I baraod 17 'C rcepeciivdy.and the compression 
ratio is 16/1. Calcidatc (be maximum cycle lempcraluie when the cyde efficiency is 
60%. Tbe rnfltiffmm Cyde prcBuie is 60 bar, 

(C59 C) 
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Mixtures 


A purs isbstAOC* ii dsAiwd ss a lubstaacs hev^ a conutoc apd uBifonn 
ebsBical cpaipo si liott. tad itaa ddmnwo cia bs satsaded le uidude a 
liomopeaeow abituic ef «uo »bea ibere k McfaenioJ reanioo ukinf pUes. 
Tbs ihsrtsod/Beink pcepertia of a nslure of fuss eaa be dslsnniBsd in ths 
siBs wmy as for a ufk faa Ths ohmi eeamofl txtnpk of Uui is dry air, 
wbkk k a auitare of o ir ^' iS Q. oiiro|en. a amaU percenia|s of trfon. aod traes* 
of olber Tbs properties of air have been dstamioed aad it ii consxlsisd 
as a Botk nh«»«iw 

Tbs Boiares to be eoftfidered ia llw duplar are ibose composed of pcrfeci 
gasea, aad psrfoet paaas aad vipourv Tbs p rep pTia of such imxtum are 
iaponani io eombostioo ealeulaciotta Air aad water vapour mutuics are 
eoftsdered laisr in the cbaplsr wicb refereass lo soifaca condsassTv bui for 
BMisi atAOHthenc air ebsre is a speoai ooeieedaiure and (his k eaiuidered m 
Chtpeer Id oa psyduoaietry and ak^oodiCMoiii^ 


1.1 DkItMi'A law and tha Okbba-Dalton law 

CoTHidst a dosed ytmf* uf *oIvbis I'll lempstalure T. udikh eootalM a mature 
of psrfsel lasss ai a known pressore. U some of the nialBte mcs removed, than 
lbs prsesurt would be Ism (ban iba nksa] vaJua. If tbs gaa t e moved were the 
foil amouai of oos of ibs eoaatrtucocs ihsa ihs radueuoa in pressure would bs 
equal 10 (be cooinbuboo of that eoaiuiusot lo tbs ioHitI loial pressure, bach 
CMMituenc coAGribuia (o tbs tocol pressure by an amount which n known as 
tbs pmitd prrsare of (he eoestHiiaat Ths nfobooship hstwesn ibs panul 
prsasvM of tba eeosekueots k eipresssd by Dtlloa'i law, as follows: 

Ths prsanrr tf a mlxnrr fuare k ro rbr porifof prsraurr 

ikt eoAKftMsnu. 

TlisperrWpreaoer absorb reiviiuMi a ikat frrstvrevhuh rfopai would 
tx£n If U omipM ofoos tkor nfosw ompM ky tbs iWxrurs m jbs rams 
(ewprvarvs. 





MiKturM 


Fit. (.1 Ou A mixiot 
with 084 B 



Cm a Cm b UUlure of A B 

Mom • M« Mom • >■» Mom « m • + mi 


This is expreised diAfrafflmaticaUy m Fig. 6.1. The tases A and B> origiOAlly 
occupying volume F at lempenture T am mixed in ibe third vessel which is 
of (he same volume and is ai the same (emperaiure. 


By (be conservation of mass 


m ® + flij 

(6.1) 

By Dalton's law 


P - P* '•' Pa 

ii2) 


Dalton’s law is based on experiment and is found to be obeyed more accurately 
by gas mixtures at low pressures. As shown in Fig. 6.1 each cooslitueot occupies 
(be whole vessel The exampie given in Fig. 6.1 and the reiatioDships in equations 
(6.1) and (6.2) refer to a mixture (wo gases, but the law can be extended to 
any number of gases. 

Le. + + + ^ ^ ^ 

where mi is (he mass o( a consutuenl. 


Tahlo^.l Analyses Of 
air 


CoulinMnc 

Oioakal 

lyiDtxri 

Aftxlym 


MoUr mass 

By volumeiH) 

By man (H) 

(kg/kmoll 

Oiygen 

O, 

2095 

2}.14 

31.999 

Nitrogen 

N, 

78.09 

755} 

28.013 

Argon 

Ar 

OM 

1.28 


Cnrbcii dioude 

CO. 

00} 

005 

44.010 


Similarly 

P - P. + P» + Pc + eic. ot p«j;p, (6.4) 

where p, is (he partial pressure of a cooslitueot 

Air is the moil common mislure and sioce it will be referred to frequently, 
its composition b as Table 6.1. The mean molar mass of air b 

26.96 kg,'kmoL and (be spedbc gas coDstaDi R b 0.2871 kJ/kg K. For 
approximate calculalions (be air b said to be composed of oxygen and 
'atmospheric nitrogen'(see Table 6.2). Note: volumetric analysis b the analysb 
by volume; gravimetric analysis is (be analysis by mass. 
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<•1 0 «ltoA's lew ftnd ttM Gibb»* 0 «lton law 


Table 6d Approsinuie 
aaiilyeee for air 


Aoalyaia 


MoUr miu 


Coftstituokt 

By vdume(K) 

By ana (S) 

(kg/kawl) 


Oxygen 

210 

233 

32.0 


Niuofca 

790 

767 

260 


Example 6.1 


SaluUon 


A vessel of volume 0.4 contaios 04$ kg of carbon monoxide and 
I kg of air, ai l$*C. CaJculale Ibe partial pressure of each coiutiluenl and 
ibe tola] prestvee in ibe vessel TTk graviinetric analnis of air is to be taken 
as 23.3% oxygen and 107% nitrogen. Take tbe molar masses of carbon 
iDoooxide, oxygen and nitrogen at 26,32 and 26 kg/kmoL 

23J 

Maxi of oxygen present ra.— x 1 > 0233 kg 
Mass of oHrogeo present •• x 1 - 0767 kg 


From equation (2.9) 



and Oom equation (2.6) 

pV-mRT 

„ mkT 

Hence p- — 

or for a cocudiuent 
i,itr 


ft' 


<«,F 


The volume K is 04 m’and tbe temperature Tis(l$ 4- 273)- 286 K. Therefore 
we have for Oj 

^,-««4«l^.43.»kN/«’ 


32x04 
43.59 X 10’ 


fbrN, pM, 


10 ’ 

0767 X 6.314$ x 286 


28x04 
163.99 X 10’ 
10 ’ 


- 04359 bar 

- 16X99 kN/m’ 


1.6399 bar 


169 



MMurM 


for CO fco 


9U1 kN/n 


ft4i » gJMS X MR 
2S X a4 
9UI X 10’ 


10 * 


aa9621bu 


The (oul preuure in (be veael it (iven by equtiion (6.4) 
r • . 0436 + 1.640 + 0.962 - 3.036 btr 

i«. Preuure in vcatei - 3.036 bir 


Dallon't law wat cefortnulaied by Gibbi lo indude a lecond uaiemeni on 
the properties of Riialuiei. The comMned stalemeot it known as the 
Gibbt -Dahon taw. tod is at foUowt: 

The Mteninfenerpy. enthalpy, and enrespy. o<a poteout Mixture ore retpectieely 
epual 10 the turns of the iittemoi enerpics, eruhaiptes, and eraroptet, of the 
conitiiumts. 

Each conAituent hot that intemoi enerpy, eruhetpy, and entropy, which it 
wouU hme If it occupied ahne that solume occupM by ihe mixture at the 
lemperaaire of the mixtve. 

Thb siaienteni leads to the equations 

fflu B * 1 . + etc or mu^^m^Ut (6.5) 

and mh s 'S 0 %% ■!* etc. or mbK^offh^ (6.6) 

and ms = m«S;t + in,s« + etc or ins = £R,s, (6.7) 


6.2 VolumMrie WMlytlt of a gam mlxtura 

The analysis of a mixture of poses is ofleo quoted by volume as this is the most 
convenient for practical deieminaiioat. 

Consider a volunse P of a paseous mixture at a temperature T, consistinp of 
three constituents A, B, and C at in Fig. 6.2(a). Let et^ of the constituenu be 
compressed to a preuure p equal lo Ihe tola] preuure of Ihe mixture, and let 
the te m per a ture remain constant. The partial volumes then occupied by the 
constituenu will be and t^. From equaiioa (2.6) pF • mPT) thcctlore, 
referring to Fig. 62(a) 


Fig 6J lllusiraiion of 
partial volume 









IS) 


F. 

F. 

F, 

f 

F 

P 


■4 

*ie 





(hi 
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0.3 Tht molar mMf and ip»ciflc gn constant 


and reTerrins lo Fig. 6.2(b) 



Equaling the laro values for nia. have 


R.r'/i.T 


i<- P*F-,Kv or Kt-CiF 
P 

In general (beiafore, 

K-jF (6.8) 

ia: 

P P 

Now from equation (6.4), p « ^Pt. iherefore 

(6,9) 

Therefore the volume of a mixture of gases is equal to the sum of the volumes 
of the ifldividual coastiiuents when each ezisu alooe at the pressure and 
tRoperature of the mixture. This is the statement of another empirical law. the 
law of partial volumes (sometimes called Amagat's law or Leduc's law). 

The amount of substance b defined in section 2.3 and is given by 
equation (Z7) as n » n/iiL By Avogadro’s bw, the amount of substance of any 
gas is proportional lo Ihc volume of the gas at a given pressure and temperature. 
Referring to Fig. 62{i\ the volume F contains an amount of substance n of 
the mixture at p and T (n Fig. 6J<b). the gas A occupies a volume at p end 
T, eod this volume contains an amount of substance Similarly there are 
amounu of substance ag of gas B in volume F,. and of gas C in volume Vq. 
Now from equation (6.9K 

F Of F* + F, + Fc» F 

Therefore the total amount of substance in the vessel must equal the sum of 
the amounts of substance of the individual constituents, 

i.e. + + or (^>1^) 


6.3 The molftr maga and apaeific gaa constant 

For any gas id a gas miiture occupying a total volume of F at a temperature 
T. from equation (IS) pF s and the definition of partial pressure, we have 
p,y»n,kT ( 6 . 11 ) 
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therefore 

Kp.n-Ziii.^r) 

it- 

From eqiulioa (6.4). p • iMnce, 

py-RT^n, 

Abo from equiioii (610), ii • ^ii,, therefore 
pV-nUT 

The mixture therefore acts as a perfect pas. and this is (he characleiiitic equaliOD 
for (be mixture. A molar oiass is defioed b> the equatioo, 41 - m/n. where m b 
the mass of (be muiurc aod a b the amount ol subslance of the mixture. 
Similarly, a specific pas constant is defined by the equation R * H/A. It can 
be assumed (hat a mixture of perfect pases obeys ail the perfect gas laws 
To find the specific gas constanl for the mixture in terms of the spedftc gas 
constants of the constituents, consider equation (2.6) both for (be mixture and 
for a coDsthueot, 

Lc. pyssmRT and p,Vsai,lt,T 

Then Ip,K = £m,i{,T 

thertfore 

ylP^-T'Zm.R, 

Now from equatioo (64)> p « ^Pi. therefore 

or pV m mRT m T}im,R, 

or « = (6.12) 

where mi/m it ibe oua tractiofi of a eonMitueoL 


Exampit 6.2 The graviotetric anaiysit of air b 23.14% oiygen, 3S.S3% uirogen. 1.28% 
argon. 0.05% carboo dioiide. CaicuUte ibe tpecific gat eontunt for air and 
the molar matt. Take ibe molar mattes from Table 6.1 on p. 148. 

Solt/Oon From equaiioa (2.9)» A •• R/iK therefore 
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Then using equalion |6|}), R s £(m,/in)R,. we have 

R«(0J)I4 x 0.259S|4^(a7SS3 « 0.2968)4)0.0128 x 0.3081) 
+ (0.0005 « 0.1889)-0.2871 U/kgK 
i.e. SpedBc gas constant for air - 0.2871 kl/kg K 
From equatioD (Z9), ik - A/R, therefore. 

A • - 28.960 kf/kmol 


i.a Molar mass of air - 28.96 kg/kmol 

When the approaimate analysis for air is used (i4. 23.354 Oj and 76.7% N] 
by massk il is usual practice to take R as 0.287 kJ/kg K and A as 29 kg/kmol. 

From equation (6.11). p^F — n,AT and combining this with equation (2.6) 
applied to the miatiue (Le. pF — nfiTX we have 

pF “nSr 


P 


This can be combined with equation (6.8). to give 


16.13) 


Pi "i 


P " 


F, 

F 


(6.14) 


Tbis is an important result which means that the molar analysis is identical 
with the volumetric analysis, and both are equal to the ratio of the partial 
pressure to the total pressure. 

Another method of determining the molar mass is as follows. Applying the 
characteristic equation. (Z6). to each conslitiieot and to the miiturt we have 
m, • P|F/R,T: and m - pV/KT. 

From equation (6.3). m - ^nii. therefore 


pF__ftF 

RT ^R,r 


or 


R ^R, 


Using equation (Z9X R — A/m, and substituting we have 


or f^-ZPA 


La. (6.IS) 

r 

Abo uafig equation (6.14) 
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lOd (6.17) 

Jl 

Exampla 6.3 The gravinieinc andyas of air is 23.UK oaygen. 7S.53’4 niirogen. I.28Vi 
argon, and 0.06% carbon dioxide. Calcutale (be analyni by volume and Ibe 
partial pretivre o( each connilueol when (he total pccuure is I bar. 

Solution From equalioo (6.14) (be analysis by volume, V,/V, it (be same as (he 
fraction ii,/n. Also from equation (2.7), it, m (berefore considering I kg 
of mixture we have the tabular solution shown in Table 6.3. 


Tabk 63 Solution for 
bxample 6.3 



■1. 

A, 

n, - M|/A| 

A/n-SJ/i' 

CoiKtilueot 

(kg) 

(If/kflMi) 


1%) 


1X2314 

31.999 

a00723 

100 - 2095 

003462 

Niirogen 

Argon 

07563 

00128 

21013 

39.948 

002696 

000032 

.00-7809 

003452 

''«*”xl00- 093 
0.03452 

Cwbon 

dioude 

00006 

44010 

OOOODI 

•''"“‘xlOO- 003 
Oi»4S2 



"-S'** 

-003452 



FrDmequation(6.l4),Pi/p — V,/F — iq/ii, (berefore, p, — (n,/n|p. hence using 
(he volume fractions from Tabk &3, 

for Oj Fo, - 0-^^ X I - 0^5 b" 

for N] Pn, - 0.7g09 x I - 0.7S09 bar 

for Ar Ps. • 00093 x I > 00093 bar 

for CO, Pco, - 00003 x I - 00003 bar 


Exampla 6.4 A mixture of I kmol CO, and 3.Skroot of air is contained in a vessel at 
I bar and I6*C, The volumetnc analysis of air can be taken as 21% oxygen 
and 79% nitrogen. Calculate lor tbe mixture: 

(i) the masses of CO,. O,. and N,. and Ibe total mass; 

|ii) the percentage carbon content by mass; 

(iii) the molar mass and Ibe specific gas constant for the mixture; 

(iv) the specific volume of the mixture. 

Take the molar masses of carbon, oxygen aixi oitrogen as 12kg/kmol, 
32 kg j kmol and 28 kg/kmol respectively. 
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Solution 


(I) Fromequauoo (6.M), ha\« 

< 10,-021 X M • 0.73$ kmol 
and Xm, - 079 x 3J • 27«$ kmol 
Frocn cquilioo (Z7), m, - n,i^t, Iherefore 
<11(0, > I K 44 - 44 kf 
<tio,-a73$x 32 - 23J$k( 
and aiN, - 176$ x 28 - 77$ kg 

Tou)m4aa,iii - no, 4 rn, 4<iico, 

- 23$$ 4 77$ 4 44 • 14$.0$ kg 

(ii) The molar mass of carbon B 12 kg/kmol. therefore there are 12 kg of 
arboo present in I kmol of carbon dioxide. 


U. 


Percentage carbon in mixture — ^ — 817% by mau 


I4$.0$ 

(iii) Fran equabon (&I0). a - 21"<- ' 

a - nco, 4 Ho, 4 tifj, - I 4 0.735 4 176$ - 4.3 tanol 
Then using equation C6.I7), 

lae have 

i.c, Molar mass of mialure - 312kg/knioI 
From equation (19k R - A/iA, we have 

S-^l^-OlSSlU/kgK 

Le, Spedfk gas consiaoi for the mixture - 0.2S8I kJ/kg K 
(Iv) From equation (2$k pe — RT, therefore 
RT 02$81 X 288 x 10* 




1 X 10* 


■ •0.743$ra*/k8 


where r- 1$ 4 273 - 288 K. 

Le. specific volume of the mixture at I bar and l$*C is 0,743$ m*/kg. 
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Example 6,6 


Solution 


Example 6.6 


Solution 


A mulun of Hg and Oj is to be made w ihai the ratio of Hg lo Og is 
2 lo I by v^iime. Calculate (he mass (tf Og required and the volume of the 
container, per kilotram of Hg. if the pressure and temperature are I bar and 
IS’C respectively. Take the molar masses of hydrogen and oxygen as 
2 kg/kmol and 32 kg/kmoL 

Let the mass ofOg per kilogram of Hg be x 
From equation (2.7), a, • nii/iiii, therefore 

Hh, - ^ - 0.5 kmol and "o, ~ ^ kmol 


From equation (6.14). V,IV 
and 


ib. " 0 , 


ng/Me therefore 
• 2 (given) 


0.5 32x0.5 

LC. • 2 ibcTciore x ■ —^J kg 

i.e. Mau of oxygea per kilogivn of hydrogen « $ kg 

The (oul amount of tubstance in Ihe veasel per kilogram of H, U 
" “ tNi. + “o. “ 0 l 5 + ^ = as + i « a5 + 0.25 = ft75 kmol 


Then front equation (18), 
py^nKT 
therefore 


a75 X SJ145 X 2 t 8 X 10 ’ 

■ 1 X 10» 


- 17.96 m^ 


A vessel contains a gaseous mixture of composition by volume, SOH Hg 
and 20H CO. It is desired that ibe misiure should be made in the proportion 
505i Hg and 50% CO by ren»ving some of the mixture and adding some 
CO. Cakulaie per kilomok of mixtiuc (be mass of mixture to be remeved. 
and the mass of CO to be added. The pressure and temperature in the vessel 
remain cotuttnt during the procedure. 

Take Ibe molar mass of hydrogen and carbon monoxide at 2 kg/kmol 
and 28 kg/kmol. 

Since the pressure aixl temperature remain constant, then the amount of 
subiunce in (he vessel remeins the same throughout. Therefore Ihe amount of 
subilanoe of misturc removed is equal tothe amount of subslaiicc ofCO added. 

Let X kg of mixture be removed and y kg of CO be added. 

For (he mialure. from equation (6.16) 
u 

fh s T —A 
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•.4 Spwifie hMt capaeitin of« mbrtura 


(benfore, 

m - (08 X 2) + <0^ X 28) • U kg/kiBoI_' 

ThcD usiof equation {2-1), n ■ m/A, we have 

amount o( aubilanca o( mixture removed • ^ kmol 

amount of xubsiance ol CO added > ^ kmoi 
2d 

and x/U - ;/28 

From equation (6.14), V,/Vmii,/n. therefore 

amountofuifcaUDOeafHjialbemuluiereinoved ivOS x ^a|lmoI 
and amount ofsubslance ofHi iniliany >0.8 X I wOS kmol 

Hence amount of si^Unce of H] remaining in vestel = ^0.8 - ^^kmol 

But I kmol of the new niUture is S0% H) and SOS CO. therefore 

0,8 - i - OJ 
9 

ie. x = (0J-a5)x9 = 17kg 
ie. Mass of mixture removed « Z7 kg 
Ako sinoc x/7J a y/28. therefore 
28 28 x27 

ie. Mass of CO added - lOJ kg 


6.4 Specific heat capechiee of a gaa mixture 

It was shown in section 61 that as a contequcnce of the Oibbs-Dallon law 
the internal energy ofa mixture of gasea is given by equation (65), mu > £m,U|. 
Abofora perfect gas from equation (214). M wc.THence substituting we have 
mr.T-j;«qc„T 
therefore 

'"C.«L".Cx 

or «. = £—«•, (618) 

M 
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MiXtUfM 


Siniltrly from e^uiion <6.6), mA - tad from equation (118), ^ ■ o^T; 
therefore 

"t.T’-I-.e.J’ 

ihnefoR 

•*» - 

or (6.19) 

n 

From cquadont (6.lt) tnd (6.19) 

Utini equidoD (2.17X Ibetefoic 

AIM from equotioo (6.12). 8 - Z~^i- ihricfore for the mixture 
«»-«. = * 

The equatioiu(2J0). (221), Kiid{2.22). can be applied to a mixture of guex. 



It ibould be noted (bat r otnel be detemined from equation 120; there is 
no weitbted mean expeeasioa as there is for 8. c„ and c,. 

Exampio fl.7 The gas in an engroe cylinder has a volumetric analysis of 12% CO,. 11.5% 
Oi. and 765% N,. The temperature at the beginning of expansion is 1000°C 
and the gas mixture expands reversibly through a volume ratio of 7 to 1. 
according to a law pc'” — coastani Calculate the work done and the heat 
flow per unit mass of gas. The values of c, for the constituenls averaged over 
the temperature ate as follows: e, hr CO, • 1271 U/kgK: e, for 
O, • 1.110 kJ/kg K: <, for N, • 1.196 kJ/kg K. 

Solution From equation (27) m, • therefore a contersion from volume fraction to 
mau fraclion is as given in Table 66 Then using equation (619) and the mass 
fractions from Table 64 



therefore 

c, •iai74x 1.271)+ (6121 x t.llO) + (0.705 x 1.196) 
■ l.l99kJ/kgK 
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Ttlik Solution for 
Example i.? 


Ekaenpl^ 6.8 


8,4 Spooilie boat eapocKlM ef • 0 m nrixtufo 


CoAiiituent 

«( 

Ikfluri) 

m, 

(kgikmsl) 

*f ■ *»*( 

(kg) 

m,/m 

Carbon dioxide 

ai20 

44 

S.2g 

528/30.56 >0174 

Oxygto 

aii} 

U 

3.6g 

3.68/30.36 - 0.121 

Niiroien 

0.765 

2$ 

71.40 

«»56 

21.40/30.36-0705 


Froen equatiOD (6.12). R • tod from oqutiioo (Z9), R, ■ P/A,, 

therefore 

- 0.274 U/k| K 

Then from equation (Z17), c, — c, - K. we have 
c, - I 199 - 0274 - 0925 kj/kg K 
The work done per kg of gas can be obtained from equation (5J0) 

n — I 

T] can be (bund usog equaiioo (2-2S) 



where r, - 1000 + 272 - 127} K. Therefore 

in. Work done the gas fflUture w ^5}7.5 kJ/kg 

Abo from equaiioo (216), for unit mass. u. -u, - e,(T] - T,), therefore 
u,-u,m 0925(7826 - 127}) - -45}.6 U/kg 
Fitially, from the non-flow energy cquaiion (MX Q -t- Ik - (u, - U|X 
in. Q- S37.S > -45}.6 therefore 0 - 8}.9 kJ/kg 
in. Heal supplied • 8}.9kJ/kg 


Calculate for Ibe data of Example 67 the change of entropy per kilogram 
of mixture. 
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Fi|. CJ T-s dia^ruD 
for Example 



Solution 


Refemnf to Fif. 6J, lbs chute of eotrop]' between lUle I ud lUUe 2 can be 
found by imitining Ibe procea replaced by two other proceises. I to A and 
A to 2. Thii method i( detciibed In lection 4.4. 

For botherinal procese 1 to A. from equatioD (4.12) 


I.. - a, - R >t to 7 - a$33 U/kg K 

For the conslui volume prooa A to 2 


,-a, - Rln^ji^. 

• conslui volume ( 

T - '■ ““(^) - - “"(S) 

Le. s. 4 -ai = a4S0U/kgK 
Then by subtractiotu 

I, - a, - 0533 - 0450 - 0083 U/kg K 


It Is often convenieol to use amount of subctaoce in prob l ems on matures 
and to define heal eapadliei expressed in terms of Ibe amount of substance. These 
are known as eiofor heat copociises. ud are deooted by Z, ud 3,, Molar heat 
etpadiies are defined as follows: 

3,-Ac, and 3,-Ac, (6.20) 

From equation (2.17), e^ — c, * ft. Iberefore 
3, - 3. > Ac, - Ac, > AR 
Alto from equaltoo (2.9), AR • H, hence 

3,-3.-« (6.21) 

From equation (115) 

Vmme,T 


Also from equation (2.7), m - nA. and from equation (6.20), Ac, — 3.. 
therefore, 
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i;-ii3,T 


(622) 



•-4 Spvctfie hwt oipaektin of • 


SimOarly 


H-nl,T 

(6.23) 

By the Gibbs-Dalton law, 


V-^V, and 


therefore 


<T-j;n.9.,T and "9,T-j:v,,T 


la 

(6.24) 

and 

H 

(6.25) 


Eaampla 0,9 A producer gas has (be following volumeiric analyiii: 29% CO. 12% H], 
3% CH.. 4% CO,. S2% N,. CUeuUle the values oT 1.. c,. aod t, for 
(be ntUniie. The values of Idr (be conslitueols are as follows: 
ter CO. I, - 29,27 U/kmol K; for H,. I, - 29,89 U/kmol K; ter CH<, 
?,-3S,80kJ/kniolK; for CO„ 9, = 3722 U/kiDol K; for N,, 9,= 
29.l4kJ/lmKriK. 

The molar masses may be lakeo as foDows: for H„ 2 kg/knol; for CH.. 
16kg/kmol: for CO],44kg/kmol: hr N,. 28kg/kmoL 

Solution From equation (623), 



Tbercfore. 

I, . (029 X 29271 + (0.12 x 23,89) 4- (a03 x 33,80) 
+ <a04 X 3722) 4- <a32 x 29.14) 

Le. c, - 29.6707 kJ/kmol K 

From equalioo (6.21). 

9 ,- 9 .-/! 

therefoR 

9. - 9, - it - 29A707 - 8.3143 • 21.3362 kJ/kmol K 
ie. 9.-2l.3362kJ/kiD^K 

The molar mass can be found from equation (6.17). i.e. 


(a29 x 28)4-(O.I2x 2)4-<0.03 x 16) 4- (0.04 x 44) 
4 |0J2 X 28) 
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TftMe 

65 Propertio of 
some commoa gues 
at 300K 



r. 

c. 


i. 

i. 

A 

R 

Ou 

<U/kgKl 


7 

lU.’kmolKl 

(k| kmoli 

(kJ/k|K) 

Diatomic 

Csibon monoude ICO) 

IMIO 

ai442 

IJW 

29.151 

30645 

38filO 

02968 

HydiogenlKil 

I4.3Z30 

laini 

1404 

2<.t15 

20561 

2016 

4.1243 

Nitrogen IN]) 

1.0400 

0.7432 

IJ9» 

29.I3S 

20819 

28.0)3 

02968 

Osygen (0,| 

a9l82 

06514 

IJ»5 

29JS2 

21.068 

31.999 

02598 

Mouiotnic 

Argon (Arl 

0.S203 

03122 

1.666 

20.7S6 

12412 

39.950 

0.2081 

Helium (He) 

IIMO 

3.1150 

1.666 

20166 

12413 

4X03 

20111 

TrUtomic 

Carbon dioaide (CO^) 

awsi 

06568 

lJU 

3U19 

28.906 

44X)10 

0.1889 

SuJpbur dioxide (SOj) 

a644B 

05]5I> 

1252 

41.306 

32991 

64060 

0.1298 

Hydrowboos 

Ethane (C,H.) 

1.766B 

lv4903 

1.186 

53.128 

44.BI3 

3a07D 

02769 

Methane (CK,) 

U3I« 

1.1132 

1203 

35.195 

21480 

16.040 

0.5184 

Propaoe (C]Ha) 

1.6919 

l.5Ca9 

1.126 

74578 

66263 

44X190 

0.1886 


Le. lit * 25.16 kg/koM^ 
TkoQ from equation (6J0) 
29.6707 


25.16 


1.1793 U/kgK 


ukI 




CwA 

Cw B 

•a 1 

•H 

"a ! 



S 




Qm nutiure 
p.r 

n a 

• - "A ♦ 


lb) 

Ffg.M Mningoftwo 
gases ioitdUy separate 


Values of 7. €^, Cf, fg, rik, aad X at 300 K for some of the more common 
gases are shown in Tal)le 65. 

Adi«b«tlc mixing of porfect gasoo 

Consider iwo gases A and B separated from each other in a dosed vessel by a 
thin diaphragm, as shovm in Fig. 6.4(a^ If the diaphragm is punctured or 
removed, then the gases mis as in Rg M(b). sod each then occupies the total 
volume, behaving as if the other gas were not preseot. This process is cquivsknt 
to a free espansion of each gas. as>d is irrcveisiUa The process can be simplified 
by tbe assumption that it is adiabatic; this means that the vessel is peifectly 
thermally insulated and Iberefoie there will be an increase in entropy of the 
system. In section 4.5 it is shown that there is slways en increase in entropy 
of a thermally isolated system which undergoes an irreversible process. 
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•.( Adlabfttte mixing of p oi lo ct gnot 


Ii » shown 10 tectiofi 3.S that io o free explosion process (he miemaj 
energy isitialJy is c^ual lo (be ioter&al energy finally. In this case, from 
equation (6.22) 

•Dd y:-(»A2..+ 

Entending thii remit to loy nunber of gues. 

MKi 

Then U,-W, 

Le. 

le. (6J6) 

I".*. 


Exampla 6.10 A vessel of 1J nt’ capadt)' contains oiytfa at 7 bar and 40°C. The vesul 
is coDiKcied to acotbn «e^ of 3 at' capaciijr coniaiaing carboo moaoxide 
at I bar and IS*C. A connecting v^ve is opened and the gases nix 
adiabalically. Calculate: 

fi) the (ioal temperature and pressure ^ the miiture; 

(ill the change in entropy erf the system. 

For oxygen, d, = JIOTU/knxd K; for carbon tnonoxidc. I, = 20.86 kJ/ 
kmol K. 

Solution <i) From equation (2i| 



Therefore 

7 V in’ all 

. _— i —1:1^-!:i__0.«US whereTo -40 + 273 - 3I3K 

8.3145 « 313 X 10> °* 

and 

Kf.- -' ** '*^* '^ ^—s-0.1253 where Tco - 15 + 273 - 288 K 

” 8.3145 X 288 X 10’ “ 

Before mixing 

V, m ^(11,2,,T;) • (04035 X 21.07 x 313) * (01253 x 2086 x 288) 
Le. (/,-3413.8 U 

Afier mixing 

V, - Tl("Ai) • rl(0A03S X 21.07) + (0.1253 x 20.86)| 

Le. (/jwll.118x7 
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For adiabatic wii»ing , (/j, tberdbre 

MI3J-II.US X T tbeteforer 


307 K 


TctDp cf ilure of mixture 

From cqutiioD (IS). 

pm — 


34134 
11.IIS “ 
307-273 - 34-C 


Therefore 

(04035 + 0.1233} X 13143 X 307 X 10> 

-- (Ts TIo ix To' * - 

U. PreauR aflee mixini a 3 bur 
(b) The chuitie of entropy of the lyitem is equal to the eban^e of entropy 
of the oxygen plus the change of entropy of the caihon monoxide; thisfoUowi 
troiD the Cibbe-Dalion law. 

Referring to Fll 6.5, the dtange of entropy of the oxygen can be caktilaled 
by repiacing the process nndergone by the oxygen by the two processes I 
to A and A to 1 


Fig. 63 T-s diagram 
for oxygen for 
Esample 610 



For an isothermal proceulroiD 1 to A from equation (613), we have 
s»-s.-Ab(.^) or S*-S,-»iRln(^) 

La - 0.4035 x UI43 x j bf/K 

At constant voliDae from A to 2, 

rA-s,-c.j^ Y-c,ln^i) or S,-S,-mc.lo^^^ 

S* - S, - - 0-W33 >• il-W » ‘“(^) “ ® 


1S4 



•.S Adi«bliti« mixing of porfoot gi 


ibefdbrt 

Si - S| - 1686 - ai68 • 3.S18 U/K 

Referriog lo Fit* ^ cfauige of entropy of the carbon monoxide can be 
found in a tinilar way to the above. 

it. S|-S|«(Sg-S,) + (S,-S,) 


Flf. M r-i diefram 
for ctrboo (BOfioxide for 
Example dlO 



therefore 


S,-S. = r>Rln^^^4«.tn(5) 

> |ai2S3 X S.3U X '°(y)} 
+ |o.l253 K 2a«6 X 


tberefore 

S,-5,-0.590 U/K 

Hncc the chaage o( entropy of the whole rysien ij given by 
(S, - Sih,,. - (S, - S,lo. + (5, - S,)co 


i.e. Change of entropy of tyvtein - 3.518 + 0.590 - 4.106 U/K 

Another Ibnn of miung is that which occurs when streams of fluid meet 
to form a common stream in steady flow. This is shown diagrammatically in 
Fig. 4.7. The sicady-Row energy equation can be applied to the mising seciion. 
and changes in kinetic and poletnial energy are usually negligible. 

Le. 4 4^41^ — 4 

For adiabatic flow Q ~ 0. and also K’ - 0 in this case, therefore 
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Fl^6,7 MUifi<ofn»o 
fluid itmjiu 



From ^uiioQ (lUX k • beoec 
For any number of gates this becomes 

(627) 

Z(V«) 

Also, since from equation (62D), 2,- ific^.andm » n/n from equation (27), 
then 

■if,, me. 

Hence, (6.M) 

H"iM 

Equation (627) or |62g) repecsenu one condition which must be ulisfied 
in an adiabatic mixing process of peifect gases in steady flow. In a particular 
probkin some other inConnaiion must be known (eg the final pressure or 
spedfic volume) before a complete solution is possible. To find the change of 
entropy in such a process the preceduie it as described above for adiabatic 
mixing by a free expansion. The entrcqiy change of each gas it found and the 
results added logeiber. 


6.6 Gaa and vapour mixturaa 

Considera vessel of fixed volume which is maintained ataconiitnt temperatura 
as shown in Fig 68(a). The vessel it evacuated end the ebtolute pressure it 
therefore zero. In Fig 68|b) a small quantity of water it introduce into the 
vessel snd it evaporates to occupy the whole volume. For a small quantity of 
water introduced, the pressure in the vessel will be less than the saturation 
pressure conesponding to the temperature of the vessel At this condition of 
pressure end temperature the vessel wiQ be occuped by superheated vapour. 
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f,6 Gt* Aod vtp«ur mlBiurtt 


Fif.6.S Liquid 
Introduced into en 
evacuated vessel 



tal 






K) 




<bl 



le) 


A> more weier is iniroduccd ihe pressure Increeses end ihe water conlinues to 
evaporaie until stub e condiiloo is reached that the volume cao hold no more 
vapour. Any additional water introduced tnlo the vessel after this will not 
evaporate but will exist as water, the condition beiop as in Fig. 6.8fc), which 
shows the vapour in contact with its liquid. Per kilogram of water introduced, 
the vessel can be thought of as containing either (1 — x) kg of water plus x kg 
ofdry saturated vapour, or as containing I kg ofwet steam ofdryness fraction x. 

During the entire process of evaporation (he temperature remains constant. 
If the temperature is now raised by the addition of heat, then more vapour will 
evaporate and the pressure in Ihe vessd will increase. Eventually the vessel will 
contain a superheated vapour as before, but at a higher pressure and temperature. 

The vessel in Tig 6.8 is considered to be Initially evacuated, but the water 
would evaporate in exactly the same way if Ihe vessel contained a gas or a 
mixture of gases. As slated in the Cibbs-Dallon law, each constituent behaves 
as if it occupies the whole vessel at the te m p e r a ture of the vessel. When a little 
water is sprayed into a vessel conlaioing a gas mixture, then the vapour formed 
will esert the saturation piessuie corresponding to the Icmperalure of the vessel, 
and this is the partial pressure of the vapour to the mixture. (It must be 
remembered that the vapour is only saturated when it is in contact with its liquid.) 

When a mixture contains a saturated vapour, then the partial pressure of 
Ihe vapour can be found from tables at the temperature of the mixture. This 
assuma that a saturated vapour obeys the Cibbs-Dalton law; this is only a 
good approximation at low values of the total pressure. 


Exampio 8.11 (a) A vessel or0.3in’capacity contains air at 0.7 bar and 7$‘C The vessel is 

maintained at this icmperalure as water is injected into it. Calculate the 
mass of water lobe injected so that the vessel is just filled with saturated 
vapour. 

lb) If injection now continues until a total mast of 0.7 kg of water it 
introduced, cakulaie the new total pressure in Ihe vessel. 

|c) The vessel is now healed until all Ihe water in it just evaporaies. Calculate; 

<i| the total pressure for this condition; 

(ii) the heal to be supplied. 

Solution la) The subscripts s.w.anda will be used forsieam,waler.and air respectively. 

At 1S*C, the saiunlion pressute p,-0.385Sbar and t,-4.133 m','kg 
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Tbefttore 

Mass of vapour occupying 0.3 n’ » s 0.0726 kg 
4.133 

i.c. Mass of water to be iBjecied • 0.0726 kg 
(b) By Dalton's taw. equation (6.2), p > p, 4- p„ 
ix. Total pressure in vessel m 0.7 .f 0385$ • I.08SS bar 

Note that (he dry vapour is assumed to act as a perfect gas, hence the vapour 
and the air are assumed to occupy the same volume whik eachesens its partial 
pressure. 

Whenaiotal mass of 07 kg of water has been injected into the vessel it will 
esisi partly as dry saturated vapour(say m,kg)and partly as water (say m, kg, 
where ffl, * (07 — m,» in such proportions that the misture occupies the total 
volume of 03 therefore 

(m. X 4.133) + (07 - m.) < 0.001026 = 0.3 
where 0.001026 m’.'kg is the specific volume of water. 
i.e. m,(4.133 - 0.00l026)sO3-(a7 X 0.001026) 

4.132 X JS1 = 02993 therefore m,*—«O0724kg 
^ 4.132 


Air 

• 1 
dry sal 


awjm’ 

^.WaurKi 

_ 

00007 m' 


Fig. 6.9 Conditions in 
vessel for part tb) of 
Esample 6.i i 


Note that the volume of water is negligibly small compared to the volume of 
the air-vapour misture 

m. = a7-0O724 = a6276kg 

The volume occupied by the dry vapour - 0.0724 x 4.133 - 0.2993 m’. Hie 
vessel may be assumed to contain air, dry saturated steam, and water, as shown 
in Fig. 6 9. 

Since T, • Tj. we can write 

therefore 


p.,.a7x^.070,7ba, 

Le. Total pressure » p. 4- p, • 0.7017 a. 0.385$ > 1.0872 bar 


(c) (i) The water can be compkidy evaporated by raising the Icmperalure 
to a value such that the total volume is occupied by saturated steam and air. 
This condition it reached when the steam hat a specific volume c,. such that, 
a7 X e, - 0.3. 


03 

" 0.7 " 


IBS 


0.4286m*'kg 




6.8 Gm ind vapour mlirturw 


Example 5.12 


From tables the saturation pressure at r, - 0.4256 m’/kg is. by inlerpolaling. 


^ 0.4623 - 0.42g6 \ 
lo.4623 - 0.4139/ 


x|4.S-4.0) >4.33 bar 


The air now occupies the volume of 03m‘ while eienisg iu penial pressure 
p,, at the new temperature. The Dcn'(emperaiure is that saturation temperature 
cotrespoading to the pressure of 4.3S bar. 

From tables by interpolation at 4.3Sbar 

t . 1435 a- — X 4J « 1465 ‘C iheTcfureT - 146.6 -l- 213 - 419.6 K 
O.S 


Then (ot the air 


^ ^ therefore • 0.7 * -jjj- ■ 0.8439 bar 

where T., » 75 273 - 348 K. 

i.e. Total pressure in ve»cl « 4J5 •*’ 0J439 « 5.194 bar 
4 ilk From the iM>n*flow energy equation 

0 + W's U, - 

in this case IV se o. therefore Q «(Uj — Then 


t/, = * "ts**!, 

ami i/w * 

For a perfect gas. from equaiiofi (2.15), U « therefore 
8“"..“.,+<".4.(11- I'll 
Then taking u, and from tables, and subsliluling for 
p.F a7xl0’x0.3 


IB. ■ 


R,T 0287 x 348x10' 


.0.2102 kg 


we have 

Q > (0.7 X 2556.8) - 10.0724 x 2415.3) 

- (06276 X 313.5) + 02102 x 0.718(419.6 - 348) 
i.e. Heal supplied - 17895-179.2- 1965 + 105 - 1424.6 k] 


The products of combustion of a fuel have a volutnelric analysis of 
CO,S%.H,0 I5%.0, 5.5S.aiidN, 71.SH. If ihelotalpressuieis 1.4bar, 
calculate the icmpemiuic to which the gas must be cooled at consutnl pressure 
for condensation of the HjO just to commence. 
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Salution From equation (6-14) 

Partial preasuta oTHjO • - < p sO.IS » 1.4 • 0.21 bar 
a 

The saturation lenperaiure conespooding to 0.21 bar It 61.15 *C, i.e. the gas 
must be cooled to 61.15‘C (or condeosaiion or the HjO to coisimence. 


6.7 Tha Bteam conclartaar 

The condenser is an essential part of any steam power plant. The temperature 
at which coitdensatlon occurs is in the order of 2$ to 40 'C (he corresponding 
saturation pressures being 0.05166 and 0.07575 bar. The shell and tube type 
condenser is a sessci in which this low pressure is maintained by a pump, and 
the steam coruktises on the outside of tubes through which cold water is flowing. 
This type is called a surface condenser. There will be some leakage of air into 
the condenser, both through the glands and from air dissolved in the feedwater 
which comes out of solution and is carried into the condenser by the steam. 
This air impairs (he condenser peiformoncc since it reduces the heat transfer 
from the steam to the cooling water. 

The coitdenser contains a mixture of steam, air, and water. The air must be 
pumped out of the condenser continually to mainuln the vacuum, and the air 
which is pumped out carries with it some of the steam. This results in a Ictss 
Of feedwater to the boiler. This loss has to be made up by (he addition of cold 
water. Another eSeci of the presence of air is that the condensate is undercooled 
(ie. cooled to a temperature below the saturation temperature), which means 
that more heal has lo be supplied to the water in the boiler than if no 
undercooling had occurred. 

The pressure lo the condenser is approximately constant throughout and 
steam and air enter the condenser in Axed proportions when steady conditions 
prevail. As some of the steam h condensed the partial pressure of the remaining 
sleam decreases, and hence the partial pressure of the air increases lo maintain 
■he same total pressure. At redu^ partial pressures the steam has a saturation 
(emperaiure which is below that of the incoming steam. Hence condensation 
proceeds at progressively lower lemperaluics. 

Some condensers are designed lo make up for the deficiencies of the simple 
type. Two of these arc indicated in Fip 6.10(a) and 6101b). In Fig 6.10(a) 
most of the condensation Is arried out on the main bank of lubes and the air 
is drawn over another, smaller, bank which is shielded from the main bank and 
is culled the air cookr. Here further condensation takes place al a lower 
temperature with a subsequent saving in feedwater, and a smaller pump is 
required for the condenser. In Fig 610(b) the air<ooling lubes are in the centre 
of the condenser and the air is pumped away fiom this region. The incoming 
steam passes all round the bank of tubes and some is drawn upwards lo (be 
centre, lo doing so ir meets (he undcrcookd condensate which has been formed 
and rebeaies it. hence reducing (he amount of undercooling. 
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Example 6,13 


Solution 


a.7 Th« itMin EOfldanMr 


Steam ud ax Steam lad air 



A lurCiCB coDdenser b required lo deal with 20000 kg ot sleam per hour, 
and the air leakage u estimated at OJ kg per 1000 kg of steam. The ateam 
eaten the eoadeoser dry saturated at M *C. Tire condensate b extracted at 
the lowest point of the condenser at a temperature of 36 "C The condensate 
loss b ma^ up with water at 7'C It b required to find the saving in 
condensate and the saving in beat supplied in the boiler, by fitting a separate 
air eitraclinn pump which draws the air over an air cooler. Assume that the 
air leaves the cooler at 27”C The pressure in the condenser can be assumed 
to remain consuuiL 


At entry, mass of air per kilogram of steam w 0.3/1000 kg. 

At 38 *C the saturation pressure is 0.066 24 bar and c, » 21.63 m’/kg. 

For I kg of steam the volume b 21.63 m’, an) ihb must be the volume 
occupied by OJ/IOOO kg of air when exerting its partial pressure. 


Partial pressure of air 


ai.g.r a3 K 0087 X 311 x 10* 
V “ 1000 x 21.63 x 10’ 


» la X I0'*bar 


Thb b negligibly small and nay be neglected. 

Condensate extraction: the saturation pressure at 36'C Is 0.0S94bar, and 
c, - 23.97 m’/kg. The total pressure in the coadetuer b 0.066 24 bar, hence 

a06624>0L0594 4-p, therefore p. • 0.006 84 bat 


The mass of air removed per hour is 

20000 x 03 .. 

- m 6 kg/h 

1000 • 


Hence the volume of air removed per hour b 


mRT 

? 


6 X tt2g7 X 309 X 10’ 
0310684 X 10’ 


= 778m*/b 
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TIk mus of sceam associated with the air removed is therefore given by 
778 


a.97 


>3Z4SLg/h 


Separate extraction: the saturation pressure at 27'C Is 0.03564bar and 
e, • 38.81 n’/kg. 

The air partial pressure is 0X166 24 - 0.035 64 - 0.0306 bar. Therefore the 
volume of air rentoved a 


mUT 6 x 0.287 x 300 x 10’ 


0.0306 X 10’ 


- 168.9 m’/b 


iberefoR 


16S>9 

Steam removed - —— « 4.35 kg/h 
39>BI 


KeDce Ibe saviog io coodcosate by using the separate eairactioa method is 
given by 3145 - 4.35 38.1 kg/h. 

AJso. the saving in heal to be supplied in the boUer is approximately 
23.1 X 4.132( 36 - 7)/3600 » 0.95 kW, where the mean specific heat of the water 
is 4.182 ki/kg K. 


Example 6.14 


So/ution 


For the data of Example 6.13 cakulaie the perceotage reduction in air pump 
eapaoty by using the separate extraction method. If the temperstufe rise of 
(he eooUfig water is 5J K, calculaie the mass flow of cooling water required 
Air pumpcapaciiy without aircooler « 778 mVh 
Airpumpeapadty with (be air cooler • 166.9 m'/h 
Therefore 


Perceniage reduction in capadiy 


-78.3S 


The system to be analysed is shown in Fig. 6.11. Let suffixes t. a, and c 
denote steam, air. and condensate respectively. Applying the steady-flow energy 
equation and neglecting changes in kinetic energy, we have 

Q + 16 ,, h ,, + " I ' hf . h ., + '*.,*.,1 + '*«*<« 

■h,,adt.,°6kg/b; 16,, = 20000kg/b; >6,, ^ 4.3Skg/h 

hi, - 20000 - 4.35 - 20 000 kg/h approx. 

■ c^T| - 7 }) (from equation (2.18)) 
ue- C - (4.35 X 2550.31+[6 X 1.005(38 - 27)i 
+ 120000 X 15a7)-(20000 X 2570.1) 
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Fig. 6.11 CondeiucT 
(ysiem for Es ample 6.M 


Protoivtna 





thtnton 

6 s -49.38 X 10*kJ/h« -!3439kW 
where » h( at 36^C » ISa? kJ/kg. 

ie. Heal rejected-+13439kW “ 

The ma&s of cooling water required for a 3.5 K rise m temperature is 
49.38 X IOV(5.5 x 4.182)» 11 x 10* kg^K. approKunairiy. 


Uoless a very large naiural supply of cooling water is available for large 
steam plania. means must be found to cool the cooling waier after use. This 
can be done by passing the cooling water through a cooling tower; cooling 
lowers are considered in Section 15.5. 


Problems 

(For values Q(A»Ki,. etc. which art necessary in the following problems, refer to 
Table 6.5 on p 162; take values of lA lo the nearest whole number.) 

6.1 A miaiure of carbon monoxide and oxygen u lo hr prepared in the proportion of 7 kg 
io4 kg in a vessel of0.3 m’eapaeiiy If tbe temperature of the miaiure Is 15 *C determine 
the pressure to which the vessel is subject. If the lempcraiurt ts raised to dQ*C. whit 
win Uwn be tbe pressure m the vessel? 

129.94 bar; 32.54 bar} 

6.2 For the mriiure of Problem 6.1 calculate the volumetric analysis, the molar mass and 
(he characierisiic gas consianL Calculate also tbe total anrount of substance irt the 
mixture. 

(33 3% 0^; 66.7% CO: 29.3 k g, kmol; 0.283 kJ / kg K: 0.37$ k mol) 
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6^ An cxhdusl gu is auJySBd nnd is ibuod to coauin, by volume, 78% N^. 12% CO^. 
and 10% O]. Whsl is ibe cosstspondiag gmnawrric ajiaJ/ta? CaJcuUte Uie nolir nuiMof 
ibc misture, and ihe density U the teeperacure is 5S0”C aaj ihe lotal prosum if 
I btr, 

(72% N,. 17.4% CO,. 10.6% O,; 302) k|/kiDol: 0443 kg/ a') 
8.4 A vesd of 3 apeaty conuios a nuiture of aitropra and earboa dioaide, tbc tJuUyiif 
by volume sbowinf equal quuMities of each. Tbc temperaiure is 15*C and ibe iota] 
pfessura is XS bar Deienpine the mass of each eonsiitueoL 

(6M4M,: 969k|CO,) 

84 The cnisiure of Problem 64 is (o be chsoged eo (hat h a 70% CO, and 20% N, by 
volume. Calculate (be mass of suslure lo be r emoved and the nao of CO, to be added 
to live Ihe required mature al ibe same tetnperaiufe aod pressure as before. 

(6.31 kg: 7.72 kg CO,) 

8.8 In a miituK of aielhaae|CH«>aiid air there am three volumes of oxypen to ooe voluma of 
meiluna From iaiiis] condiuoas of I bar and 95 X ibe gas is compressed reversibly 
sod adiabeiieaUy through a vc4uiDe ratio of 5. Assuming ibai air contaiai only oxygen 
sod nitrogen. cakuUte: 

(i) the values of Cp, fp, t,, A and y for the mixture; 

(ii) Ibe final pressure and tempeniuie of the mislure: 

(o) the work ioput per eoic mass of mixiura 

(1.057 U/kg K. 0.761 kJ /kg K. 29.60 kJ /kmol K. 21.31 kJ/kmol K. 

0297 kJ/kg K. 1.389; 9J5 bar. 415J X: 243.8 k3/kg) 

5.7 A mixture is made up of 25 % N35 % O,. 20% CO,, and 20% CO by volume. Calculste: 

(j| (b« mofor mass of tbe miiiure: 

(n) ip and i, for the mixiore: 
till I 7 for Ihe mixture; 

(iv) the partial pressure €4each conslhucal wheu tbe total pressure is l.S bar: 

(V) tbe density of the miilurv al 1.5 bar and I5X. 

(32.6kg/knol; 3084 .2152 U/kmol K: U7;a275.0525.03.03 tar; 104 kg/m*) 

8.8 Two vesseb are conneaed by a pipe in which there b a valve. One vessei of 03 m* 
conuios air at 7 bar and 32*Caad the other of 003 m* contains oxygen at 21 ter and 
15 X' Tte valve is opened and tbe two are allowed io mix. Assuming ibai Ihe 
system is well lagged, eaknlate; 

(i> tbe Rnsl temperature of tbe miiiure; 

(iil the final pressure of the mixture: 
liiil the partial pressure of each consdiueni: 
liv) the volumetric analyse of (be mixture; 

(vt the values of e,, ft, 4. and y (or the mixture: 

|vi> the increase uf entropy of the system per kilogram of mixture; 

Iviil theehange ra internal energy and enthalpy of the mixture per kilogram if the vessel 
b cooled to lOX. 

Assume that air comists only of oxygen and nitrogen. 

4 27.9 X; 027 ter; 3.31.4.96 bar; 60% N,. 40% 0,; 6987. Q.709 k J / kg K: 
0278 U, kg K; 29.91 kg/mol; 1.392; 0183 U/kg K; 1169,17.67 kJ/kg) 

8.9 Air and carbon monoxide are mixed in the proportion 3 to 1 by mass. The CO ii 
supplied al 4 bar and 15 'C and the air is supplied at 7 bar and 32' C. The two coneliiuenis 
are puased in steady ftow through non*retum valves lo mix adiabatically al a pressure 
of I bar. Cakulaict 

(i> the final temperature of the mixture: 
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In) iIk ptnb) pres$uf« o( each coit^jlueni of ibe miiiuir; 

(bi) the mcrease of eoirop) per hilofrara of muinre: 

|iv) ihe volume (km of miituce (or a Sow of 1 ks. min of CO; 

(v) the telodt) o( ibe rauiutv il Uk ana of Ihe pipe downstream of the mixing section 
ii (kl 

127.7 ^ C; 0.2S6.41 $6. 0.SU bar. 0.669 kj /kg K; 3.49 m Vmin; 0.562 m /s) 

1.10 Ammoiut in ur b a loxtf auiture when the aiaraonia b 0.5S9t by volume. Calculate 
how much leakage from an ammonia compressor can be loleraied per 1000 of spaee. 
The pmsure b I bar aad the temperature is 15'C The molar mass of ammonia (NH j | 
il 17 kg/kmol. ami it may he assumed io aci as a perleei gas In this case. 

(3.91 kg) 

A.11 A vessel of 03 m* opocny coniams a nuiiure of air and sisatn which is 0.75 dry If the 
pressure is 7 bar and the icmpeniure is 110.9 *C. cakulaic the mass of water present, 
the mass of dry saturated vapour, and the mass of air. 

10.102 kg; 0.307 kg: 1.394 kg) 

6.12 If the vessel of problem 6.11 is cooled to 100 ’C calculate: 

(i) the mass of vapour condessad; 
tu) ihe linal pressure in the vessd; 

(iii) ibe beat rtyectcd. 

{0.126 kg: 5.99 bar; 297 U) 

9.11 A closed v«isel of voliiine 3 m* contains air saturated with water vapour at 36 *C and 
a vacuum peessure of 660 mm of mercury*. The vacuum falls to 560 mra of mercury and 
the lemperaiure falls to 26 7'C Calculate Ihe mass of air that has leaked in and the 
quantity cd vapour that has eoodeosed. Take the barometric pressure as 760 mra Hg. 

(0.563 kg: 0.0627 kg) 

ft.14 Tlie air in a cylinder fitted wHJi a pisloo is saturated with water vapour. The volume is 
OJ m*, tbe pressure is 3.5 bar and the temperature is 60.1 'C. The mislure is compressed 
to $.5 bar. the temperature rtmaining consiani. Calculate: 

(i) the masses of air and vapour present loitaalfy ; 

(ii) the mau <d vapour condensed on compreuioo. 

(1.036 kg; 0.0392 kg; O.OUg kg) 

€.1$ The temperature in a v'eisel is 36 ’‘C and tbe proportion by mass of air to dry saturated 
steam is 0.1. Whai b tbe pressure in the vessd in bar and in mra of mercury vacuum? 
Tbe barometrK pressure is 760 mm Hg. 

(00631 bar; 7117 mm Hg) 

6.19 A surface condenser is fitted with separaie sir and condensate ouUeta. A portion of the 
cooling surface is screened fri>m the inctming eteam and the air passes ov cr these aTcened 
tubes to Ihe ait extraction and becomes cooled below the condensate lemperaiure. The 
condenser receives 2O0C0k|>*b of steam dry saiuraied at 36 2'C. At the condensate 
outlet the lemperaiure is 34.6*Caod ai the air extraction the temperature is 39'C. The 
volume of air plus vapour leaving the condeivser ts 3.6m*/miB. Auuming constant 
pressure ihrougboui the condenser coleuiate; 

(i) the mass ^ air removed per 10000 kg of steam; 
fii) the mass of steam condensed in the asr cooler per minute; 

(bi) the beat rejeesed to the coothig wsser 

Neglect the partial pressure of ihe air ai itdd to the condenser. 

<2.63 kg; OS kg/mln; 134^1 kW) 
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Combustion 



The ideat cydes prevMmly coQMtend me fluids which Rinaio unehao^ed 
cfaeB> ca il)’ at they pus ibroufb (be vsnom procuses of lbs cyds lo pnedcaf 
ofinuvMt power pUau ibe scares orbsal b ihe dtenical sasre of subsuoces 
calM faeb. Tlntacrgy ■ idemJ dunng Ibe cheraical nactioo of Ihe fud wich 
oijpea. The fuel efcaeais ombioe with osyies b bd oudatioB procew whkb 
ii rapid aod la sccoupaaied by ihs evoluboa of beat 

Tbs eonbusdoB pcocus lakes plaee ia a conlroUed raooer in some fona 
of eoffibutioa after miiiauoo of ccobtuikMi by some fa^ ia 

a pstrei esptoe ibe coahmiio n ts saned by ao eket^ sperkX The Don 
cooreaiem smuee of oytee supply is ihai of (he aioo^tere which ceoiaUu 
osygea sad nicrogen aod «raec$ of ocher gam. Noratally ao aiteaipi is made 
le scparalc out (be oaypa (foD ibe aCiBospbere, asd (be ailrogca. ccc. 
•cooatpaiws (be oxy^a Bto (be cmbtisboa dtambes. 

NiirofSB dess BMoudueea^aadbiaen as liras ibe eeobuaiioa process 
b cocoerhed. bua ii acts at a faoderaior m (bai h absorbs sene of (be heat of 
mnbestioa aad so bans the mtiimum icmperaiure readied. As combusiioa 
proceeds ifac oj ty ya it piugiiundy used up asd (he proportion of Biiro|ea 
plus prodveu of OQAbuetioei to ibe avadaUs oiygn iaeraasea. For a fiven 
amosBi of fud iberc ■ a dsflnite aneuai of Myges, and ihercfois air« which 
b required bf ihe compleie corsbutioo of a $i>9ii fuel To erwurs compkto 
csmhwiioa k a usual lo supply dr n esceu «f ihe aieouni required for 
cWasciMy csfraa ooubaeBe a. The osygea aoi coasuawd «i the rvacuoo panet 
nWD tbs sahami wMb ibc produeti of qjsnbunioa 

fuentaf<oabiiKkM c^ra are rua oa hquid foeh whidi a/s grouped u 
*pe(rob' fkaowa as fuetee ia cha USAk aad dtead ofls, or g****^** fuels, 
eomaMofy used ta eeabwed beai aad p ow er pUai; gas turbiass an na DabUy 
on keroseas atUiougb Miuraf gas brum eoaiBoaly used Cngioes bunUag solid 
fods have bssn bufll bul are BBialy eipolDetMiL fa the maay and divene 
appbcaJfoosia iadita(ry,»ofad.bqud. aad parous fudi are used. GoDeralialiofi 
b ftO( powbte «a (be tefcodoa of facb. uace (be fud med aad lu necessary 
ftrtagiqupBieu depead oatbe paniciriir apphcBMA, Ibe pnciKaldrcumsiacKss, 
aad e c ooo B B c ^‘*»**«**— »*^«*«»« 




7.1 BMie ehamiitry 


7.1 Basic chemistry 

It i» ncGcsuty (o uDdcrtund Ibe construclion sad use of chemical fonnulae, 
hddrc combuslkin problems can be considered. This involves elemenury 
concepts which have been omi before by most students, but a brief explanation 
will be given here. 

dronu. Chemical elements cannot be divided indebnitely and the smallest panide 
which can take part in a chemical change is called an atom. If an atom Is split 
as in a nuclear reaction, the divided atom does not retain the original chemical 
propenies 

Molievles. Ekntenls are seldom found to eiisi naturally as single atoms Some 
elements have atoms which exist In pairs, each pair forming a molecule (e.g. 
oxygen Land the atoms trfeach molecule are held logether by strong inter-atomic 
forces. The isolatioo ol a molecule of oxygen would be tedious, but possible: 
the isolation of an atom of oxygen would be a different prospect. 

The molecules of some substances are formed by the mating up of atoms of 
different elemenls. For example, wafer (which Is chemically (he same as ice and 
steam) has a molecule which consisls of two atoms of hydrogen and one atom 
of oxygen. 

The atmns of different elements have difletenl masses and these values are 
imporSant when a quantitative anaiysis is required. The actual masses arc 
infinitesimally smatl. and the ratios of the masses of atoms are used. These 
ratios are given by the relative atomic masses quoted on a scale which defines 
the atomic mass of isotope 12 of carbon as 12 (see Ch. 2, p. 40). The refoifw 
aromi'c moss of a substance is the mass of a single entity of the substance relative 
to a single entity of carbon-12 Table 7.1 gives ihe rdalive atomic masses of 
some common elements rounded off to give values accurate enough for most 
purposes. 


Table 7.1 Relative 
atomic and molecular 
maaees of some 
common subslnnces 


Ekmeni 

Osygeii 

Hydrofn 

CarboB 

SiiJpbur 

Nitrogen 

Atomic symbol 
Relative aiomk 

0 

H 

c 

s 

N 

nau 

16 

1 

12 

32 

14 

Mokcular ^oupin^ 
Relative molecuUr 

0 , 

H. 

C 

$ 

N, 

mau IrotiPtM) 

72 

2 

12 

32 

21 

Accurate values 

3I.W 

2016 

12 

31030 

28.013 


Rtlutht molnvlat mosses are based on the relative masses ol the atoms which 
constitute Ihe molecule. In chemical fonnulae one atom of an element Is 
represented by the symbol for the elemeni, Le. an atom of hydrogen is written 
as H, and other examples are ^ven in Tabk 7.1. If a sutetance exists as a 
molecule containing, say, two atoms, as for hydrogen, it is written as H]. 
Two molecules of hydrogen is written as 2 H 2 . etc Table 7.1 includes relative 
molecubr masses, rounded off, and, for comparison, the accurate values. 
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TiiMe 7J Compounds . 

«ftd iheir relative Retaiive 

molecular masses Compound Foonwla moIccoUrmas* 


Water, steam 

H,0 

(lx ll + <1 X 16) 


18 

Carboe monoxide 

CO 

n X 12)4.<l X 161 


2S 

CarboD dioxide 

CO, 

<1 X 12), (2 X )6) 


44 

Sulphur dioxide 

SO. 

(1 X 32), (2 X 161 


64 

Methane 

CH. 

<1 X 12),« X II 


16 

Ethane 

C.H. 

<2x I2|.|6x 1) 


» 

Prapane 

C.H. 

1) > 12)'. <8 X 11 


44 

A* Butane 

C.H,. 

<4 > I2l.-(l0x l| 


» 

Ethylene 

C.H. 

(2x I2)»(4x II 


28 

Propykoe 

C,H. 

(}x I2|,|6x 1) 


42 

mpentane 

C.H,, 

(Sx l2)tU2x I| 


72 

Benzene 

C.H. 

(6 X 121 + 16 X 1) 


78 

Tolueoe 

C,H, 

(7 . l2) + (lx 1) 

m 

92 

O'Oetane 

C.H,. 

<8 X I2) + Il8x II 

- 

114 


Some of ihe othtt MibatoAces met io combustion wori am given in 
Table 7.2 to illustrate (be calcuktiocs of the relative molecular mass from the 
relative atomic masses of the eloneats. 

7.2 Fuels 

The most important fuel clemeDts are carbon and hydrogen, and most fuels 
consist of these and sometimes a gman amount of sulphur. TTk fuel may contain 
some oxygen and a small quantity orincombsisUUe9(e.g water vapour, nitrogen, 
or ash). 

Coal is Ihe most important solid fuel and the various types are divided into 
groups according to iheir cbcmkal and physical prt^vrties. An accurate chemical 
analysis by mass erf the imponant elemmu in the fud is called the uhimote 
analysis, the elements usually included being carbon, hydrogen, nitrogen, and 
sulphur The main groups arc shown in Table 7.X and their ultimate analyses 
are given. The analyses arc typical but may vary from one sample to another 
within the gtoup, and hence can be taken only as a guide. Another analysis of 
coal, also shown in Table 7.3 called the praxlmatt analysis, gives the percentages 
of inherent moisture, volatile matter, and combustible solid {called fixed carbon). 
The fixed carbon is found as a remainder by deducting the percentages of the 
other quantities. The volatile matter indudes the water derived from the chemical 
decomposition of the coal fnoi to be confused with free, or inherent moisture), 
the combustible gases (eg. hydrogen, methane, ethane, etc.), and tar (!«. • 
complex mixture of hydrocarbons and other organic compounds). The 
procures for both analyses are given in ref. 7.1: see alto ref. 7.2 and a concise 
treatment in ref. 7.3. 

Most liquid fuels are hydrocarbons which exist in the liquid phase at 
atmospheric conditiorta Petroleum oils are complex mixtures of sometrmes 
hundreds of different fuds. but the necessary infomation to the engioeer is the 
relative proportions of carbon, hydrogen, etc at ^ven by the ultimate analysts. 
Table 7.4 gives the ultimate analyses of some liquid fuels. 
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7.2 Fu6U 


TAftfaTJ AulysuoT 
solid fiMls 


TtUe lA Analysts of 
liquid fuels 


Ttbit 7J Analysis by 
volume of a typical 
oatural itaa 


Ultimate Analyiis 

PereenUft by mail of dty fuel 


Fud 

RiiU. 

c 

H 

0 

N 

$ 

Mineral 

matter 

Anthraote 

101 

U.2 

1 » 

1.7 


1.2 

).2 

Medium-rank coal 

401 

114 

4.9 

4.4 

1.1 

1.9 

S.2 

Low-rank coal 

902 

na 

4.6 

107 

1.6 

11 

60 

Coke 


900 

0.4 

1.9 

— 

— 

7.7 

Proiimate snalysU on a mmeral natier-rree bash 







Percentage by mass of fuel 






Inherent 


Volable 


Fised 

Fuel 


moisture 


mallef 


carbon 

AnrhtacHe 


2 


i 



92 

Medium-raok coal 


i 


w 



5« 

Low-rank coal 


10 


42 



4t 


Fuel 

Carbon 

Hydrogen 

Sulphur 

Ash. etc. 

lOOKKtane petrol 

SS.I 

1A9 

OOl 

_ 

Motor petrol 

S5J 

14.4 

01 

— 

Benzole 

91.7 

to 

03 

_ 

Kerosene (paraffin 1 

«6J 

13.6 

01 


Dksel oA 

I6J 

llg 

0.9 

_ 

Light fuel oil 

102 

114 

1.4 

— 

Heavy Jud oil 

SOI 

Hi 

21 

_ 

Residual fuel oil 

nj 

9.5 

1.2 

10 


Methane 

CH. 

Ethane 

C.H. 

Propane 

C.H. 

BuuiM 

C.H,. 

Niiropeo 

N, 

Carbon dioxide 

CO, 

916% 

36% 

0 i% 

03% 

16% 

0 .1% 


Caseous fuels are cbcmically the simplest of the three groups, The main 
gaseous fuel in use occurs naiurally but other gaseous fuels may be manufaciured 
by the various (reatnenis of coal. Carbon monoside is an unportent geseous 
fuel which is a constituent of other gas mtitures. end ii also a product of the 
incompietc combustion of carbon. A lypktii aiulysis of a natural ges is given 
in Table 7^. The lable gives the analyses by volume, each eoiuiiiuent having 
been measured by volume at atmosphenc pressure and temperature. The 
volumetric analysis is (he same as the molar analysis (see equation (6.14)). 

Fuels arc tested according to standardized procedures and for further 
information ret 7.2 should be consulted. 
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Cpfnbuctlon 


7.3 Combustion stiuations 

Proportionite oiisses of air and fuel eater (he comburlioo chamber where the 
chemica] reaelioD taka pUce, and from whkh the producU orcombutlion pau 
to the eabatisL By the conaervatioo of mass the masi flow remaitij coiutant 
(te. lota] maaa of prodticia equab total mau of reactanta), hut the reactanta 
are chemically different from the producta, and the producta leave at a higher 
tentpetature. The total number of atoms of each efemcnt concerned in the 
combustion reniairu constant but (he atonu are rearranged into groups having 
different chemical propeitiea. This information b eapressed in the chemical 
equation which shows; 

|i) (he reactanu and the products of Combustion: 

(ii) the relative quantities of (he reactanta and producli. 

The two aidea of the equation must be consistent, each having the same number 
of atoms of each element involved. It should not be assumed that if an equation 
can be written, that the reaction it represents u ineviubfe or even possible. For 
possibility and direction the rcactioo has to be considered with reference to 
the Second Law of Themodynamica. For the present the only concent is known 
combustion equations. 

The equation sbosva the number of miriecules of each reactant and producL 
The amount of substance, introduced in section 2.3, is proportional to the 
number of moleeulea. hence the relative numbers of molecules of the reactants 
and the products give ibe molar, and th e r e fore (he volumetric, analysis of the 
gaseous coitstilueots. 

As stated earlier the oxygen supplied for combustion is usually provided by 
atroospberic air, aiul it b necessary to use accurate and consistent analyses of 
air by mass and by volume. It b usual in combustion calculations to take air 
as 23.3% O], 76.7% N, by mass, and 21% O,. 79% N, by volume The small 
traces of other gases in dry air are included In the nitrogen, which is sometimes 
called 'aunospherk nitrogen*. 

Consider (he combustion equation for hydrogen: 

2H, + 0,-2H,0 (7.1) 

Thb tells us that 

(1) hydrogen reacts with oiygen to form steam or water; 

(ii) (wo moleeulea of hydrogen react with one molecule of oxygen to give two 
molecules of steam or water. 

Le. 2 volumes * I volume Os 2 volumes HjO 

The HsO may be a liquid or a vapour depending on whether the product has 
been cooled suffidenily to cause condensation. The proportions by mass are 
obtained by using rebtive atomic masses, 

i* 2H, + 0j-2H,0 

tberefore 

2 x|2 u 1) + |2 X I6)-2x (12 X ■) + 16| 
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7.9 Combutt^n •^uctioft* 


Le. 4kgH2 + 32kg0]-36kgH,0 

or IkgH 2 + Bkg0,-.9kgH,0 

The same proponioiu are obuiocd by writing e()uitioD(7.l)t>H] + JO, -.HsO, 
and this it loroeiimet done. 

ti will be noied from equation (7.1) that the total volume of the reactants 
is 2 volumes Hj + I volume Oj • 3 tolumei. The total volume of the product 
is only 2 volumes. There is Ihereforea volumetric contraction on combustion. 

Since oxygen is acconpaoted by nitrogen if air is supplied for the combustion, 
then this nitrogen should be included in the equation. As nitrogen is inert as 
far as the chemical reaction is ooncerned. it will appear on both tides of the 
equation. 

With I kmol of oxygen there are 79/21 kmol of nitrogen, hence equation (7.1) 
becomes 

2H,+0, + 2n,-2H,0 + 2n, (7.2) 


Similar equations can be found for the corabuslioo of carbon. There are two 
possibilities to consider: 

(i) The complete combustion of carbon to carbon dioxide 

C + 0,-C0j (7.3) 

and including the nitrogen 

C + Oj + ^N,-CO, + ^N, (7.4) 

Considering the voiumes of reactants and products 
79 

0 volume C + I volume '*■ — volumes N, 

79 

-• I volume CO; + — volumes N; 


The volume of carbon u written as zero since the volume of a solid is negligible 
in comparison with that of a gas. 

By mass 

l2kgC-f (2 u l6)kgO,-f ^<2 X l4)kgN, 

- (12 + (2 X 16)} kgCO, + |?(2 X ]4) kg N, 


■«. l2kgC + 32ktO, + IOS.3kgNj-44kgCO,-V lOS.TkgN} 


or lkgC + ^kgO, + ~kgNj-^kgCOj + ^kgNj 


12 


12 


12 


12 
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(ii) The iocomi^c combuitiin o( carbon. This occurs when there it to 
insufficient supply of osygen to buna the carbon coroplelely to carbon djoiide» 

ue. 2C + 0,-.2C0 (7J) 

2C + 0,+5n,-.2C0 + 2n, (7,6) 


By natss 

(2 X l2)k|C4(2 X 16)kf 0,4 2(2. l4)k(N, 
-2(12 4 16)kgC0 4 2(2x I4)k(N, 


or 


24k8C-l-32k|Oj lOSJ kf 56 kg CO lOSJkgNj 
UgC + gkgO, + i^kgN,-|kgCO + i^kgN, 


If • further supply of oxygeo b oviiUhb then the combuition can cootmue 
to compktioD 


2C040,42n,-2CX),42n, 


(7.7) 


By masSy 

56 kg CO + SlkgO, + 1053 kg Nj - 88 kg CO 2 + 1053 kgN^ 


lk|C0 42k»0,4i^kiN,-|?kgC0,4^kgN, 


7.4 StoiehioiTMtric air-fiMl ratio 

A sieichioaaeirie mixture of lii aixl fud it one that coouins just suBicieat 
oxygen for the complete oombutlioo of the fuel A mixture which has an eicea 
of air is termed a week nbirure, and oiie which has a ddaciency of air is termed 
a rick mixture. The percenuge of excess air it given by the following: 
Percentage excess air 

actual A/F ratio - itoichiomeirKA/F ratio 
iioicluomeirK A/F ratio 

where A denotes air and F denotes fud. 

For gaseous fuds the ratios are expressed by Volume arul for solid end liquid 
fuels the ratios are expressed by tnasi Equatton (7.8) gives a positive result 
when the inixiuie is wealt, and a negative lesull when the mixture h rich. For 
boiler pioot the mixture it usually greater than 20% weak: for gas turbines it 
can be ss much as X)0% weak. Petrol engioes have to meet various conditions 
of load arsd speed, and operate over a wide range of mixture strengths. The 
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7.K ExhauM and tiu* gM aiulvala 


rollowiog ddioilion i$ used: 


Mixture sireoph = 


stoichioiDclric A/F ratio 
actualA/Fratio 


(7.9) 


The workinj values range between tOVa (wealt) and I20V< (rich) (see 
section 13.i). 

Where fuels contain some oxygen (e.g ethyl alcohol CjHgO) this oxygen is 
available for the combustion proccs« and so the fuel requires a smaller supply 
of air. 


7.5 Exhaust and flue gas analyeie 

The products of combustion are mainly gaseous. When a sample is taken for 
analysis it is usually cooled down to a temperature which it below the saturation 
temperature of the steam present. The steam content is therefore not included 
in tbe analysis, which is then quoted as the analysis of the dry products. Since 
the products are gaseous, it is usual to quote the analysis by volume. An analysis 
which includes the steam in tbe exhaust is called a wet analysis. The following 
examples illustrate the pnndples covered in this chapter up to this point. 

Example 7.1 A sample of dry anthracite has the rollowiog composition by mass. 

C 90%; H 3%; O 15%; N 1%; S 0.5%; ash 3% 

Calculate; 

(i) ibe stoichiometric A/F ratio; 

(ii) tbe A/F ratioandthedry and wet analysis of tbe products of combustioo 
by mass and by volume, when 20% excess air is supplied. 

Solution (i) Each coustiluent is taken separately aod the amount of oxygen required for 
complete combustion is found from tbe rekvani chemical equation. Carbon: 

C + 0}-C0, l2kgC4.32kgO,-44kgCO, 
i.e. Oxygen required 0i9 » -14 kgfkg coal 

where the carbon content le 0.9 kg per kilogram of coal 

Carbon dioxide produced = 0.9 x — w 3.3 kg CO, 

Hydrogen (H): 

H,4}0,-H20 2kgHj + IbkgO,-ISkgHjO 
or lkgHj+ SkgO]— 9kgK]0 

ix. Oxygeo required » 0.03 m g » 0.24 kg 'kg coal 

and Steam produced = 03)3 x 9 » 0.27 kg.'kg coal 
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Sulphur: 

S + 0,-S0, )2k|S + 32kgO,-64kgSO, 

or lkgS+ IkgO,- 2 kg SO, 

ie. Otygen required - O.OOS kg/kg coal 

Sulphur dioeide produced - 2 a 0.005 • 0.01 kg/kg coil 

These mulls ue ubulsied in Table 7,6; (he oaygea in (be fuel ii shown as a 
negaiive quaslily in Ibe ctdumn 'oaygeo required'. 


Table 7.6 Sclulionfor 
HsampU 7.1(0 


CoMiiiueei 

Mua ftictiOA 

Oiygca re^uirtd 

Frodvcl m«u 
(kg/kgCOBl) 

CarboB (Cl 

am 

1400 

IWICO.) 

Hydrogen <H) 

00)0 

0240 

017 <H,0) 

Sulphur <S| 

aoM 

aoos 

OOi (SO,) 

Oxygen (O) 

0025 

-0025 


NilrogeB(N| 

aolo 

— 

0.01 (N,) 

Ash 

00)0 

1620 



From Table 7.6: 

O, required per kilogram of coal = 162 kg 
therefore 

162 

Air required per kilogram of coal ■ ^ « 11,24$ kg 

where air is assumed to eoaiain JXiVt O, by mass, 
ie. siokbiomeiric aii-fud ratio • I U4$. 

(ii) For an air supply which n 20S in excess, using equation (7.8), 

Actual A/F ratio w 1114$ 1124$^ • 11 x 11145 

- 15.4M/1 

Therefore 

N, sun>Ued-a767 x 11494- 10150kg 
Also O, supplied-0255 X 15.494 - 5.144 kg 
In the products. Ihen, we have 

N, - 10550 + 001 - 10.360 kg 
and excess O, — 5.144 — 1620 — 0.524 kg 
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7.S Exhautt and fJua 0aa analyaia 


The producu are enlered in Table 7.7 and the analyiis by volume it oblaincd. 
In column 3 the percenlage by mass b given by 100 limes Ihe mass of each 
produa divided by ibe loial mass of 14.464 kg. In column 5 the amount of 
substance per kilogram oTcoal is given by equation (2.7). a, <a m,/ih,. The total 
of 0.4764 in column i gives Ihe total amount of substance of wet products per 
kilogram of coaL and by subtracting the amount of substance of H^O from 
ihb toiaL Ihe total amount of subsiaiKC of the dry products is obtained as 
0.4616. Column 6 gives the proportion of each constituent of column 5 expressed 
as a percentage of the total amount of substance of the wet products. Similarly 
column 7 gives Ihe peccenlige by volume of (he dry products. 


TiUc 7.7 Sdulion for 
Example 7.1(11) 




m,‘'m 

*, 


w«( 

^,f'n 

T>ry 

n,/n 

Product 

(kg/kg coal) 

1%) 

Ikg.'kniall 

a, • '■./*! 

(%i 

(%i 

1 

2 

3 

4 

5 

6 

7 

CO, 

1300 

22J2 

44 

007)0 

IS.74 

16.25 

H,0 

0270 

IJ7 

18 

00150 

3.15 


SO 2 

aolo 

007 

64 

00002 

004 

(‘.<M 

0 , 

0524 

3.62 

32 

0X1164 

3.44 

3.55 

N, 

10360 

14.464 

7163 

irwm 

28 

03700 

0l4766 

(wet) 

(0.4616) 

(divl 

77.63 

lOQXW 

XU. 16 


Eaampis 7.2 The analysis of a supply of gas is as foUoas: H. 49.4%; CO I8S; CH« 
20%: C«H, 2%: O, 04% N, (,2V,-. COj 4%. dkulaler 
(I) Ihe stoichiometric A/F ratio: 

(ii) the wet and dry analysts of (be products of combustioo if the actual 
mixture is 20% weak. 


Solutien |i) Tbe example u solved by a similar tabular method to Example 7.1; a specimen 
calculaiion b shown more fully as follows. 

CH 4 + 20i-C0, + 2H,0 

In. I kmol CH 4 + 2 kmrd O, — I kmol CO, t 2 kmol H ,0 
There are 0.2 kmol of CH 4 for I kmol gas. hence 

0 . 2 km<riCH 4 4(02x2)kinolO,-02kmolCO,-t-(a2 x 2|kmolH,0 
Therefore the oxygen required for the CH 4 in the gas is 0.4 kmol, kmol gav. 
TheresuJuaresunmari2BdiaTaMe7.g:thcoxygcainlhegas.|0004 kmol.'kmol 
of gas) b included in column 4 as a negative quantity. From Table 7.8. 


. . 0.853 

Air required =-» 

^ 021 


4.062 kmol/kmol gas 
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TiMe TJ Rnulii for 
Exsmplo 7^ 


TtUe l.t Solution (or 
Etsmole 7,2 


Exampta 7.3 



fcmol/ 

kmol 

fud 

CoobuMioa eqoaiioA 

0) kmol/ 
kiaol fu«l 

Producu 

kmol/kmol 

fuel 

CO. 

H.O 

I 

2 

3 

4 

5 

« 

H, 

0,494 

2H. + 0,-2H,0 

0247 


0.494 

CO 

OK 

2CO + O, - 3CO, 

009 

018 

— 

CH. 

0i2 

CH4 + 20,-C0, + 2H,0 

0.4 

02 

0.4 

C-.H, 

002 

C.Hi + 60.-400, + 4H,0 

012 

008 

0.08 

0, 

ooot 

— 

-OC04 

— 

— 

Nt 

0062 


_ 



CO. 

001 

— 


004 




Total 

0853 

0.50 

0,97* 


where air it atiumed lo coauis 21 % otygea by volume, 
i.e. Stoichiometric A/F calio - 4.062 by volunie 
(ii) For a mutun srhicb is 20H sreak, using equation (7.8), 
AetualA/FruOo-4.062 +(OJ x 4.062) 

= 1.2 X 4X162 — 4.874 by volume 
Atsodaled niirogen - (L79 x 4.874 — 3.8S1 kmol/kmol gat 
EsGeuatygeo=<a2l x 4.874) - 0.853 
= 0.1706 kmol/kiDol gas 
Total amount of nitropn in products 

= 3.8S1 + 0.062 - 1913 kmol/kmol gas 

The analytit by volunie of ibesvel and dry products is then as shown in Table 7.9 


Product 

kmol/kmd 

foe! 

% by vol (dry) 

% by voL (wet) 

CO. 

OJO 

1090 

9X1 

H.O 

0.974 


17.5 

0. 

0171 

172 

3X18 

N, 

3.912 

854 

704 

Total wet 
-H.O 
Total dry 

SJ37 

0.974 

4 583 

10002 

99.98 


Ethyl akobol is burned in a petrol enguie. Calculate: 

(i) the stoichiometiic A/F ratio; 

(ii) the A/F ratio and the wet and dry analyses by volume of the eibaust 
gas for a mixture strength of 90%; 
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(iii) the A/F ntio and (he wet and dry analytes by volume of the exhaust 
gas For a misture suength ot 120%. 

Solution (i| Hie eouatioo for (be eombusliofl M ethyl alcohol is as follows: 

C,H.O + JO, - 2CO, + 5H,0 

Since there are two atoms of carbon in each mole of C,H,0 then (here must 
be 2 mot of CX), in the products, giving two atoms ol carbon on each side of 
(he equation. Similarly, since there are tut atoms of hydrogen in each mole of 
ethyl alcohol then Ihere must be Jmol of H,Oln (he products, giving lis atoms 
of hydrogen on each side of (he equation. Then balancing the atoms of oxygen, 
it is seen (hat (beta are ((2 u 2)4 3} • 7 atoms on the right-hand tide of the 
equation, hence seven atoms must appear on (he left-band side of the equation. 
There is one atom of oxygen in (be ethyl alcohol, therefore a further six atoms 
of oxygen must be supplied, and hence 3moi of oxygen are required as shown. 
Since the O, is supplied as air. (be associated N, must appear in the equation, 

ie. C,H,0 4 - 30, -s ^3 a - 2CO, + 3H,0 -t- ^3 x 

I Icmol of fuel bas a mass of |2 x 12) -I- (6 -I-16)« 46 kg; 3 kmol of oxygen 
have a mass o((3 x 32) = 96 kg 
Therefoie 

* 96 

O] required per kg of fuel» ~ * 2.067 kg 
46 

Therefore 

2.087 

Stoichiometric A/F ratio ^ <» 8.9S7/J 

(u)Couidenfig a muture strength of 90% then, from equation (7.9), 

^ ttoichioiaetnc A/F ratio 
anuai A/F ratio 

Therefore 

Actual A/F ratio ■ 9,9S2/1 

0:9 

This meaDs that 1/0.9 times as much air it supplied u is oecemry for complete 
cofflbuetioo. The eshaust will tberefore contain (I/0 l 9) - I oO. 1/0.9 of the 
stoichiometric oiygen. 

C,H.04±{30,4(3x2)n,) 

-2C0,43H,O4gx3)o..y(lx3x^)N, 
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l<, the products are 

2 kmal CO, + J tmol H,0 + ajJ3 kniol O, + 115*0 kmol N, 
TbetouliDMinofnifecum - 2 + 3 + 12.540 

> I7.S73kinol 


Hence wt< analylit ia 
2 

17.873 

ft333 

17.873 


X 100- II.I9SCO,: 
X 100 • I.86V. O,: 


3 

17.873 


X 100 


11540 

17.873 


X 100 


I6.79H H,0 
70.16% N, 


Thetouldayamoualorsubalaiice —2-k0J33 *■ 11540 
- 14.873 kmol 


Heoce (he dry analyaia is 
2 


a333 


^4^^7^x,00-I345%CO,: _ x 100 - 214% 0,; 


11540 

14173 


X iOO-8411% N, 


(iii) CoDsaderiog a mitluie slrcaglh of 120%. then equation (7.9), 
sioichioineliicA/F ratio 


II > 


actualA.'Fralio 


Therefore 

Actual A/F ratio > 


8.957 

1.2 


-7.47/1 


Thit meant that 1/11 of the stoichiometric air it supplied. The combustion 
cannot be compete, as the necessary oaygen is not available. It is usual to 
assume that all the hydrogen is burned to K,0, since hydrogen atoms have a 
greater afRtdiy for osygen than carbon atoms. The carbon in the fuel will bum 
to CO and CO,, but the relative piopoctions have to be determined. Let there 
beakmoi CO, andbkmol CO io the products. Then the combustion equation is 
as follows: 

C.H.0 + J-j30,F(3xg)N,| 

-aCO,+ »CO + 3H,0 + ^^ x 3 x 
To And a and b a balance of the carbon and the oaygen atoms can be made. 
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Exampis 7.4 


Solution 


Le. Carbon balance: 2 = a + b 

Oxygen balance: 

Subtracting the eqnalionx gives 

a s 1 and then b w 2 — 1 ■ 1 
i.e. the products are 

(I kmolCO,) + (l kn)olCO|-l-(3kmol Hj) + (9.405kmol N,) 
• I + I + 3 + 9.40S - 14.405 kmol 


Hence wet analysis is 


—X 100 -6.94V. CO,; 

—K 100 - 694 V. CO 

14.405 

14.405 

-i—X 100 - 20.83V. H,; 

9405 

-X 100 = 65.29% N, 

14405 

14.405 * 


The total dry amount of substance = 17-1 +9.405 
- 11.405 kmol 


Hence dry analysis is 

X 100 = 8.77H CO,; x 100 = 8.77“/. CO 

11.405 11.405 


-X 100 = 82.46bi N, 

11.405 


For the stoichiometric mialure of Example 7.3, calculate: 

(i) the volume of the mixture per kilogram of fuel al a ieiiipcralureor65‘C 
and a pressure of Idll3 bar: 

(ill the volume of the products of combustion per kilogram of fuel after 
cooling to a temperature of 130‘C at a preuure of I bar. 

(i) As before 

CjH.O + 30, + (3 X 2^N, - 2CO, + 3H,0 + (3 x 2^N, 
Therefore 

t 79\ 

Total amount of substance reactants - 1 + 3 + I 3 x — I 
a 15.286 kmol 
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From ^uacion (1$)» fiV •iJtT, tberefore 


15^16 X I0» »■ gJUi » 3}8 
10* X li»3 


424Mm*Amol of fuel 


where T • 6S + 27} - }H K. 

In I kntol of fud lheteate(2 x 12) + (6 + 16) -40 kg. therefore 


Volirme of rcacuott per kilogrun of fuel 


424.06 

46 


-9.219 m* 


<li) When the products ere cooled to I20’C the H^O eiisls u steam, sjnee 
the temperature is wdl above (be satuniiOD temperature corresponding to the 
partial pressure of the H}0. (This must be so since the saturation temperature 
corresponding to the UMal pressure is 99.6'C. and saturation temperature 
decreases with pressure.) Use total amount of substance of the products is 

2 4-} + ^} X 16.286 kmol 

From equation (Z8). pF — hMT, therefore 


16286 X 10* X 8.314S x 393 

10* X 1 


S31l}mVkmolor(uel 


where T - 120 -f 273 » 393 K. 


LC. 


Volume of products per kg of fuel = 


53ZI5 

46 


11.57 m’ 


Eumplo7.6 If the products in Eum^ 7.4 ate cooled to II*C at constant preasure, 
calculate the amount of water whidi will condense per kilogram of fuel. 

Solution At l}*C since some condensaiioa has taken place, the steam remaining is dry 
saturated, being in contact with its liquid. The saturation pressure at IS*C is 
0.01704 bar. and this is the partial pressure of the dry uturated steam. 

Then using equation (6.14) 

hmUlmb 

F fl p 
For (he steam 


\ 0.01704 
2-—;—-0.01704 


From Example 7.4 the lota) amount of substance of dry products is 
(16286 - 3) - 13286 kmol. therefore 


■I. •(■13286 


-001704 therefore-0.2303 
^ \ 1 -0.01704 j 


ic amount of substance of dry saturated steam remaining at 15 *C is 0.2303 kmol. 
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ExampI* 7.6 

Solulson 


(herdbrc amouol oliubstancc of water coadented »(3 — 0.2303)« 2.77 kmoL 
AIk> I kmal of H^O conlaioi (2 * 16) - 18 kg. ihetefore laus of water 
condensed it 1277 X l8)kg'‘kinol fuel 

ie. Mass of water condensed per kilogram of fuel - - 1.084 kg 

46 


Any problem in combustion can be solved using the amount of substance. 
The following eaam^es Ulusimie the method for a solid and for a gaseous fuel; 
these examples should be compared with the method used In Examples 7.1 
and 7.2 


The gravimetric analysis of a sample of coal Is given asSOK C, 12% H.and 
8% ash. Cakulaie the stokhiometric A/F ratio and the analysis of the 
products by volume. 

I kg oS coal coitlaras 0.8 kg C and 0.12 kg H 

0.8 

I kg of coal contains — kmol C and 0.12 kmol H 

Let the oxygen required for complete combustion be x kmoL the nitrogen 
supplied with the oxygen is then x k 79/21 — 3.76x kmol. 

For 1 kg of coat the cotnbtislion equation is therefore as follows: 

+ ai2H + K)i + 176xNj -»dCOa + fcHjO + JJexN, 

0.8 

Then Carbon balance: —■ o or a « 0.067 kmol 


Hydrogen balance: 012 - 26 or h - 0.060 kmol 
Oxygen balance: 2x * ^ 4- h 

le. x-a*b/2- 0067 + 0030 - 0.097 kmol 

The mats of I kmol of oxygen is 32 kg therefore the mast of O] supplied per 
kilogram of coal is 32 x 0.097 kg 

22 V djyn 

Sioidiiometric A/F ratio • —— • 13.3/1 


Total amount of substance products » o 4* 6 4* 3.76x 

• 0.067 4-006 4-(3.76 X 0.097) 
>0492 kmol 

Hence wet analysts is 

100.13.6% CO.; ^ 

0492 ‘ 0492 

0365 

0.492 ‘ 


X 100.13.6% CO.; 
X 100 - 742% Nj 


. X too. 122% H. 
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Example 7,7 A gas ntgiiM is supfdicd with nalurti gas oTlhe rollowisg composilion: CH^ 
9)%; C,Ht N, 9K: CO IH. If iIm A/F ratio is 30 by volume, 
caiculate the analysis of the dry products of combustion. It can be assumed 
that the siOKhiomeicic A/F ratio is less than 30, 

Solution Since we aretold that ibe actual air-fuel ratio Is greater than the stoichiometric 
it follows that excess air has been supplied. The products will therefore conrat 
ofCOj,H]0,0], and N]. The combustion cqutioD can be written as follows: 

0.$3CH4 + 003C,H4 + OOICO * 0.03N, 

+ (021 X 30|Oj + (079 X 30)Nj 
^ cCO} + 5HjO + oOi + dN] 

Then Carbon balance: 0.93 +12 x 003) + 001 - a or a - I 

Hydrogen balance: (4 x 0.93) + (6 x 0.03} > 2b orb-1.93 
Oxygen balance: OOl *(021 x 30)-2ii + b + 2c 
Therefore 

r- {6JI - 2-(2x 1.95)1/2-0.203 

Nitrogen balance: 0.03 (0.79 x 30) - d or d-23.73 

Le. Total amount ofsubstaitceof dry products - I + 0203 4- 23.73 

- 24.935 kmol 

Then analysis by volume b 

-J— X 100 - 4.01 CO,; X 100 - 082% O, 

24.935 24.933 


—X 100 - 95.17% N, 
24,935 ’ 


7.6 Practical analyais of combustion products 

The experimenial invextigaiioo of a eombuiiion process requires the analysis 
of the products of combustion. The most basic method is to take a sample of 
the gas and analyse it cbemically as in an Orui apparatus for example (tee 
ref. 7.21 Modem instrumentation now provides a quicker, more accurate, and 
coniifluous meant of analysis. Some of ite methods used are summarized below, 
but manufacturers' catalogues should be consulted for details of actual 
instruments snoe improvements are cootinually being made to the measuring 
systems. 

Non-disperaive infra-red (NDiR) 

In this method (be concentration of the constituent gas is measured by recording 
its 'optical' absorption in the inha.red spectrum. The mixture is continuously 
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OAAmined by being drawn through a tube, the inside of which is subject to 
radiation from an ittfta-red source, each gas absorbing on a paniculat waveband 
of the radiation. FuU descriptions of infra'red analysis and other methods are 
given in ref. 7,4. 

One particular instrument is shown diagrammalically in Fig. 7,1. TTie gas 
being analysed is passed through lube A and dry air is passed through tube B. 
The chambers C and O contain pure samples of the constituents to be delected. 
Radiation from niebrome dements is pas^ through lubes A and B and thence 
to ehambers C and D where it isabsorbed. The subsequent healing of (he gases 
in C and D causes an increase in pressure in the two chambers! C and D are 
separated by a thin metal diaphragm which, together with an insulated, 
perforated plate, forms a capacitor. 


Fig. 7.1 Noii.dispenive 
infra-red gas eoalyser 


asdtiier 



If the constituent bang sought is not present in tube A then equal amounts 
of radiation will be absorbed in C and D. which will be heated equally and 
there will be no pressure ddfereoce across the diaphragm. If the constituent is 
present in A. it will absorb some of the radiation admitted, and the rest will 
pass on to chamber C. The radiation absorbed in C will then be less than in D 
so (hat a greater pressure svill be reached in D than in C and the diaphragm 
will be displaced. This displacement emuscs a change in capacitance of the 
capadior and a current n produced which is amplified to give a reading on a 
miCTOammeter. The microammetcr scale is caltbraled lo give the corresponding 
coDoenlralion of the oonstiluenl in the gas being analysed. 

To avoid zero errors the radiation is cut off from both tubes simultaneously 
and allowed lo fall on them simultaneously, by means of a vane which rotates 
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at a low frequency. The prcuuie chan^ are ihen telaled to the lempcnture 
changes produced by the dUlereniial absorpnon in C and D. 

To provide a contiDuoiuly recording instrument as shown in the right*hand 
part of Fig. 7,1, a 'nuU* balance recorder is employed. The principle is that the 
pressure dIflerencB created should be nullified by cutting off from the vessel B 
a suflicieoi amount radiation to balance that absorbed in A. This is done 
by means of a shutter driven by a servo-motor which receives a signal from 
the detector uniL A recording pea is bnked to the balancing shutter mechanism 
and records on a circular chan. 

Another NDIR insirumcot uses photoacoustk detection: a sample is drawn 
into a closed cell when infra-red light of the correct frequency is absorbed by 
the gas to be measured; the pressure increases and decreases because the light 
is pulsing and the pleasure wave b delected by a microphone In the cell wall: 
the acoustic information is processed by a computer and can be printed or 
plotted as required; an optica] filler carousel is then turned so that infra-red 
light of a low frequency enters the cell so that the next constituent can be 
measured. The Lnstruracnl is manufactured by Briiel and Kjaer of Denmark. 

The NDIR Instruments are calibrated against accurately prepared samples 
of gas mixtures. Thu method is suiubtc for cuibon monoxide, carbon dioxide, 
sulphur ind nitrogen com pounds, methane and other hydeoearbons, and organic 
vapours. Oxygen, hydrogen, nitrogen, argon, chlorine, and helium, do not absorb 
infra-red radiation and so will not be delected by Ihu type of instrument. 


CO2 and O2 recorders 

Boiler-house engmeers require a continuous indication of the quality of the 
combustion process in the plant under their control. Thb enables comparisons 
to be made and a falling-olT in efficiency becomes immediately apparent. For 
continuous firing a continuous record b required, and digital instruments are 
available with in-built microchips which cnaMe boiler efficiency 10 be obtained 
directly from individual readings of temperature, and perceniagc by volume of 
CO; and O;. TTie varialioiu and appbearioru of these instruments are many, 
and are made to suit particular requiremcnis. The general principles only will 
be dealt with here. 

CO2 measuiemeni by thermal conductiviiv variations 

The CO; content of e Sue gas is an important criicrioa of efficient and economic 
combustion, and b important in observing (he regulations governing smoke 
emission. 

When a healed wire b [fiaced in a gaseous atmosphere it loses heat by 
radiation, convectioD and conduction. Iflhe kisses by radiation and convection 
are kept consianl. the total heal loss b dependent on the heal loss by conduction, 
which varies with the cotulituenls of the gas since each has a different and 
characlerlsric Ihermal conductivity. If a constant heal Inpui is supplied to the 
wtre there is an equilibrium leroperalure for each mixture, and if the CO; 
content alooe b varied, then itsconcentralion will be indicated by ameosurement 
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ot the tenperaiure of (he wire, in an acluai instnuneni the heat loss from (be 
wire is mainly by oonductioo, the other means (e g. coovectioo, radiation, end 
cooling, diffusion \ account lor about 1S each of (be total )o«. The convection 
loll is reduced by mounting the wire vertically. The instrument is calibrated 
against mixtures of known composinon. 

The sam(de of ps is passed over an electrically heated platinum wire in a 
cell which forms one arm of a Wheatstone bridge. In another arm of the bridp 
is a similar cell containing air. A difference in COj content between the (wo 
ceUs causes a difference in temperature between the two wires and hcncc a 
difference in resistance. The out*of*balafice potential of the bridp is measured 
by a recording potentiometer, calibrated to give the CO) content directly. 

Oxygen measurement by magnetic means 
Gases may be classified io two groups: 

(i) diamagnetic pses which seek the weakest pert of a magnetic field: 

(ii) pramagnetic gases which seek (he strongest prt of a magnetic field. 

Most gases are diamagnetic, but oxygen is prarnagnetic. aod this property 
of oxygen can be utilized io measuring (be oxygen conient of gas mixtures. 
Referring to Fig 12 the gas sam^de b introduce into the analysb cdl and 
passes through (he annulus as shown. The horizontal cross^iube carries two 
identical platinum windings, coib 1 and 2. which are connected in adjacent 
armsofa Wheatstone bridge, aod are heated by the applied volUtp The winding 
at A b traversed by a magnetic field of hi^ intensity from a larp prmaoent 
magnet When the gas sample psses the end (he tube (he oxypo b drawn 
into the cross*tubc. It b hated and its pramagnetic propny decreases due 
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10 ibe iocrease in (emperatutc as it passes through Ibe tube. The induction of 
fresh cool oxygen coDlinues. hence a eoniinuotn Aow is esteblisbed. The result 
is that the two windings ate cooled by diflerent amounts, the resistance changes 
and the bridge goes out of balance The resulting electromotive force (emf) is 
measured by a potentiometer, attd since this it proponional lo ibc oxygen 
content, the reading gives the oxygen content of the mixture. 

Zirconia call 

An absolute method of tneasurerment of oxygen may be obtained using a xirconia 
cell; the output of Ibe cell is direcdy related lo the oxygen concentration of the 
gas sample (see tef 7,5). 


Flame ionlgatlon detector (FIO) 

This isa method used for detecting the hydrocarbon (HC| content of the exhaust 
from internal combustion (1C) engines; Fig 7.3 shows a diagram of a typical 
system. The sample lo be analysed is mixed with a special burner fuel which 
may be hydrogen, hydrogen plus helium, or hydrogen plus nitrogen. A polarizing 
voltage exists between the ^mer and the Elector which causes a migration 
of ions in the flame and so a current to flow in the collector circuit The current 
is proportional lo the rate of ion formation which depends on the HC 
concentratioo in the gases and is detected by a suitable electrometer and 
displayed as an analogue output The FID gives a rapid, accurate, and 
continuous reading oftotalHCconceotratioD for levels as low as one pari in 10*. 


F%. 7.3 Rame 
ionisatioii detector 



ChemilumiriMCdnt analyger 

This method is preferred lo NOIR for the anelysis of the oxides of nitrogen 
found in the exhaust of 1C engines; a diagram of a chemiluminescent analymr 
is shown in Fig 7,4, The nitrous oxides. NO^. are converted to NO before 
analysis by passing the gas sample over a heated catalyst such as stainless steel. 
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CtaoulureiMoeeat 

uaJyser 



graphiie> or molybdeouiD ai abooi 600 *C. The sample is oow mixed with ozone 
where the reaciton gives NO^ and O 2 ; some of the NO] contains an eicess of 
energy within its atoms and this NOa then duoges 10 the ground state with 
the emission of light* Icherailunuoesceoce) which is amplified then measured 
by a phMomultipUer tube and ibe signal displayed as an analogue reading of 
the NO, content of tbe ori^al sample. 


R€8ult8 of the an8ly8i8 

An analysis wilt show whether or not the combustion is complete. For instance 
(he presence of CO will indicate that (he combusiion is not complete, and if 
an oxygen reading is obtained tbts wilt mean that excess air has b^n supplied. 
Both CO and Oj may appear in the analysis as a result of incorepleie combusiion 
and dissociation I see leetion 7.7|. Quaniiiaiively the dry product analysis can 
be used to ealcubie the A/F ratio. This method of ohiaimng (he A/F ratio is 
not so reliable as diieci measurement of the air consumption and fuel 
consumption of the engine More caution is required when analysing the 
products of combustion of a solid fud since some of the products do not appear 
in (he flue gases (e.g. ash and unbumt carbon). The residual solid must be 
analysed as well in order to determine the carbon conlenu if any. With an 
engine using petrol or diesel fuel the exhaust may include unbumt particles of 
carbon and this quantity will no( appear is the analysts. The exhaust from 
internal combusiion engines may contain also some CK 4 and H] due to 
incomplete combustion. The OI« content is approximately 0.22% of the dry 
products and the H] content is of the order of half the CO content. 
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CoDsidcraMe care is required in cotnbutiion calculaiions as inaccuracies are 
caused due to taking small diflerences between quaniities and Ihen using these 
as ratios. The use which can be made of the dry ana1y»s is illustrated by the 
following [iroUetns. 


Example 7.8 An analysis of the dry cihausl from an engine running on benzole shows s 
CO] content of ISS. but no CO. Assuming that the remainder of the eshaust 
contains only oxygen and nitrogen, calculate the A/F ratio of the engine 
and the dry and wet volumetric analyses of the products of combustion. 
The ullimate analysis of benzole is d0% C and 10 ^,; H. 


Solution There are many difleteni methods used in combustion analysis. The following 
method is recommended: its algebraic approach makes it less confusing than 
some other methods; it also lends itself more easily to a computer solution. 
Consklct I kg of fuel: 


{^’c.am} 






0.767 

m" 


N]) 


— flJaiSCO] + aO, + (I - ais - oINjI + hH.O 


where A is the A/F ratio on a mass basis; B the amount of substance of 
dry exhaust gas per kilogram of fuel kmol'kg: a the fraction by volume of 
oxygen in tbe dry exhaust gas: h the amount of substance of steam per kilngram 
of fucL kmol/kg. A brief explanation oi the above equation is given below. 
Left-hand side of the equation. There are {0.9/121 kmol C and 0.1 kmol H in 
1 kg of fud. A kg of air per kg of fuel contains 0.233d kg of oxygen and hence 
contains (0.233/32) km^ of oxygen; umilarly there are (0.767/281 kmol of 
nitrogen in d kg o( air for every kilogram oi fuel 

Rlghi-hani safe of the equation. There arc 0.1 S kmol CO] for I kmol of dry 
exhausi gasigiven in ibeeiamplck hence there areO. 138 kmol CO] per kilogram 
of fuel since there are 8 kmol dry exhaust gas per kilogram of fuel. 

Similarly, there arc Bu kmol oxygen in the products per kilogram of fuel: 
the nitrogen mihc dry exhaust gas IS oblaiDcdbydifrerence.i.c.( I -0.IS - d|. 

There are (our unknowns in the above equation and four equations may be 
obtained from the mass balances on carbon, oxygen, nitrogen and hydrogen. 


Carbon balance: 
Hydrogen balance; 
Oxygen balance: 

Nitrogen balance: 


0.9/12 w 0.138 Ihererore B w O.S 
0.1 « 2h therefore h ■ 0.03 
a233d/32-O.I38s Ba + b/2 
ue. a-O.OI436d - 0.2 

0.767d/28w 810.85-0) 

Le. a-O.B3 - 0.03479d 


[IJ 

[2] 


Solving equations [1] and [2] br d we have 


a014S6d - 0.2 = 0.83 - 0.05479d 


therefore 
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ie- 


d- 13.14 
A/F ratio ■ 15.14 
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Example 7.9 


Solution 


The value of a caa then be found from eilber equation [1] or equaliou [2] as 
0.02. Hence Ihe compleie dry exhaust gas volumetric analysis is given by ISH 
COj.TOVi Oj.bSVsNj.Thenel volumelrk analysis can be found by (olalling 
ihe amounl of substance of wet products and laling the apptopriatc ratios. 


La Total amount of substance of wet products 

■ fO.S < ai j>C02 + (0.5 X 0.2)0} (0.5 X 0.65)N, *■ 0.05 H, 
-0.55kniol/kg fuel 

Then the wel volumetric analysis is as follows: 


0.5x0.15 

0.55 


X 100 > 15.64% CO,. 


a5xa2 

0.55 


X 100 1 18.18% O,. 


0,5 X 0,65 
055 


s 100 


59.09% N,. 


-X 100 = 9.09% H, 

055 ' 


The analysis of the dry exhaust gas from an internal combustion engine gave 
I2%C0,. 2%C0.4%CH,. 1% H,.4.5% O,. 76.5% N,. Calculate the 
proportions by mass of carbon to hydrogen in the fuel, assuming it to be a 
pure hydrocarbon, and Ihe A,'F ratio used. 


Let Ihe unknown mass fraction of carbon in the fuel be x kg per kilogram of 
fuel. Then ae can write Ihe combustion equation as follows: 


-C + (l -x)H 


./0.253^ 0.767 

+ d| —re— O, + 


f-) 


V 32 

-.«lai2CO, + 0.02CO + 0.04CH. 
wOOIH, -1-0.0450, +0.765N,) -I-oHjO 


As in Example 7.8 there arc four unknowns and four possible equations. 


Carbon balance: 
Hydrogen balance: 


Oxygen balance: 


Nitrogen balance: 


X! 12 - £(0.12 * 0.02 -t- 0.04) 

1>2.I6£ 

(I -x)>(4 . 0 04)8 +(3 X 00118 + 2n 
0 - 05 - Odx - 0.098 

0-233/1 0.02 _\ a 

_.£^(li: + _ + 0.M5] + - 

a-O.OI456A -0.358 
0.767.1/28 • 0.7658 
A = 27.9278 


[ 1 ] 

[ 2 ] 

[33 

[43 


Equating [2] and [3] we have 


0.5 - 05x - 0.098 = 0.014564 - 0.358 
A = 34.341 - 34.3411 + 17.8578 
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ThcQ using cqiulion [4] 

34.MI - M.34IX + 17^78 - 27.9270 
0 • Ul - 3.4lx 

Subsiltuting iB(l] 

t - 7.266 - 7.366X 
ic. X - 0.8805 

The composilion of (he fuel is therefore 88.05V> C 11.95% II. 
Also. 0>3.4I X 01195 isO.4075 
Then in equation (4), 

A - 27.927 X 0.4075 - 11.38 
ie. A/F ratio - 11.38 


7.7 Dissociation 

It is found that during adiabatic combustion the maxiinum temperature reached 
is lower than that expected on the basis of etetnealary calculation. One important 
reason for this is tlmt the exoitxrmic combustion process can be reversed to 
some extent if the temperature is high enough. The reversed process is an 
endothermic oite. i.e energy is absorbed. In a real process the reaction proceeds 
in both directions simultarseously and chemical equilibrium is reached when 
the rale of break-up of product molecules is equal to their rate of formation. 
This is leprcsented for the combustion of carbon monoxide end hydrogen 
respectively by the equations 

2CO + Ois*2COi and 2Hi-f 02st2H20 
Both of these reactions can take place simultaneously in the same 
combustion process. The proportions of (he consiiluenis adjust themselves to 
satisfy the equiNbrium crradilions and their actual values depend on the 
particular pressure and Icmpetalure. The prcrence of CO and Hj means (hat 
there is further energy to be released on their reaction with Or so the maximum 
temperature reached canml be as high as that expected on the basis of complete 
combustion. As the combustion proceeds and the temperature level falla due 
to expansion artd/or subsequent heat loss, the amount of dissociation decreases 
(it is signiBcani at icmperaiures >I500K) and combustion proceeds to 
completion. However, since the energy is relnscd at lower temperatures and, 
in a positive expansioD cybnder, at a lower effective compression ratio the 
eflklency of the process is reduced. 

The condition of equilibrium during a reversible combustion process can be 
studied by means of a conceptual device known as the 'Van't Hoff equilibrium 
box' as shown in Fig. IS insider the general reversible combustion process 

ukmol A A- 6 kmol 0 s c kmol C + iikmol0 
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whkh occurs il a fixed lemperaiure T and a pressure, p. in the Aiuilibrium 
box. The reacunis A and B arc each mMially at p, and T and ihe products C 
and D are each finally at pi and T As the process is reversible ;onie energy 
transfer will take piaix id the Tonn of work and this is allowed for by the 
inclusion oT isoihermal compressors and expanders. The equilibrium box 
contains a mixture of gases A. B. C and D at total pressure p and temperature 
T and to allow cei'ecsiWe mass flow of the constiiuents the pressure of each 
constituent at entry to the box must be equal to its partial pressure io the box. 
The pressure adjustments are made by the isothermal expanders and 
compressors and each constituent enters or leaves through a semi'permcahh 
membrane. Some substances permit one gas to pass through but prevent other 
gases, e.g. a glowing aluminium sheet allows hydrogen to pass ihrough but not 
other gases. It b assumed here that such substances are available for gases A. 
B.Caad D. 

The process may proceed equally well in either direciion but il is illustrated 
here as going from left lo right in the equation and in Fig. 7.i. With a reversal 
of the process Ihe heat and work transfers would be reversed in direction. 

The work input during an bothermal expansson by a perfect gas between 
states I and 2 is given by 

W - 

and this can be applied lo each of Ihe compccaton and expanders in Ihc sysictn 
ol Fig. H 

Hi - wotk input on A - oilrin^—^ - J?rin^—^ 

Hi = work input on B = hiring—^ « <rio 
Ht-work input on C-e>{TIn^?l^- -ilTIn^—) 
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Wq a work iopui on O • 

Therefore the net work owpur of the system 
. • - H; - - K'c ' ^o 


-“'■''^-K:-;)'-'"fe)'‘'"te)'*'“fe)'} 

I PXA 

Suppose that in a second similar system in the same surroundings the pressure 
in the equilibri um box is p' then il will ha ve a net work output. — W\ given by 

-"■■"'■I'-iSfis?*'"''--} 

where p' - + pk + Pc + Po 

It b proposed that ~W 4 - If" aod this statement is 10 be investigated. 
Suppose - H' > - IV’. then the second system can be reversed, as shown in Fig. 
lA, and a single system formed by using the work output from the hrst system. 
•> W. lo provide the work input for the second system reversed. 


Fig. 7.6 Hypnihetical 
{impossible) 
cambinalion of two 
sysiems 


S)Wfn* I lad 2 S>«m ( Syitc* 2 

f cwrwd 
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The result »a ssngk system giving a net output of work (* H'l - (- IV’) while 
exchanging heat with a single source at temperature T. This is a contradiction 
of ihe Second Law of Thermodynamics, thus the proposition that fV b fV’ ii 
not true so that If' « IV'. therefore 

i^cPi . ipinpoY y. 


va 
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where /C 19 (he ihermal f^uilihrium or Jissociaiion coiis(an( and has been shown 
to be independent of the pressure in (he equilibrium boa. A standard 
themodyitamic equilibrium consuni. K". can be defined in dimensionless form 
by referring esmh partial pressure to a pressure of I bar. 

or io geiMnii 




(7-10) 


wtxrt Vi it »tokl)H)m«i6c cocfficieni. uken as positive for ihc products attd 
negative hr the tcftcteoti Tbe thermodynamic equilibrium constant X** is a 
function of temperaiure and vaJues of Ln X* are tabulated against temperature 
for each reaction equal wn. see ref. 7.6. As the part la! pressu res of the constituents 
are proponionaJ to the molar proportions then X* is an iodecaiion of the ratio 
of products lo reactants and so is a measure of the amount of dissodatiort If 
X** is large then the proportion of product is high and the amount of dissociation 
is small 

The above general espresuon for K*\ equation <7.101 vriU now be applied 
lo particular important itaciioos. For example the combustion of carbon 
roonoxtde to carbon dioxide can be written as 

C0-h|0,e=C0, 

with molar proportions for CO. O- and CO^ of 1.0.5. and 1. Thus X can be 
whiten as 




111 

..H 


(7.11) 


For (be combusliou of hydrogen the equilton is 
H, + }0,sH,0 

with mobr proportions I, O.J. end I. The equilibrium constant (hen becomes 
Ph.IPo.I’" 

In the combustion of hydrocarbon fuels both of the above reactions may 
occur umuUaoeously am) aooiher equdlbnum con&iani can be defined by 
dividing 

>it.o()»*)‘'* ,, fco.(F*l' * 

Ph.I(>o.»''’ ProlPo,)'” 


giving K" 


pHiOPcU 

Fn.Pto, 


(7.13) 


which is also tabulated, see ref. 7.6, and can be used to form another equation 
in the aoalyus. 


223 



CombuvUofl 


It is readily seen that dissodation as described miroduces an added compkxity 
10(0 the analysis of (he combustion process but the comphcaiion does not end 
(here. 71 k conditions of equilibrium must be satisfied at any particular 
lemperaturc and also the energy balance for the process must be satisfied. 
The tempera lure reached «iU depend on (he amount of fuel burned, the 
proportioiuoftheconsciiuenuand ihdribermodynamic properties, all of which 
are also dependent on pressure or lenperiture. 7*hus several conditions have 
to be satisfied before any particular state in (he process can be determined and 
it is necessary to cstablisb a suifkient number of equations (o complete the 
analysis. This is discussed more fully in section 7.S and for the immediate purpose 
it will be assumed that (he energy requirements have been met in (he process 
and only the dissodation effects are required 
The analysis of combusuon may be extended lo include the rormaiioo of 
nitric oxide» iN^+’tO^sNO. which occurs at high lemperalure and the 
dissociation of HjO vapour into hydrogen and hydroxyl iH; 4 ’ 0 HsH 20 , 
as well as into its constituent gases. There may also be the dissodation of 
rookcule of oxygen, hydrogen and nitrogen into atomi These aspects of 
combustion are detailed aod involve small proportions of the charge. It has 
been stated previously that recombination occurs as the temperaiure falls so 
(bat combustion is completed with a loss in effidency of the cycle such that 
less work output is obtained than expected. 7*be completion of combustion 
requires tbe absence of lo W'ten^ierature quenching conditions, which may arrest 
the process, and a suflkieocy of time for the reaction to be completed. 

IIk importance of the analysis of combustion increases with advancing engine 
iccbnologyr u typified rn the petrol engine. This engine includes the extremes 
of combustion conditions starting from a complex chemical fuel aod a mixture 
of air, water vapour and reddual exhaust gas. The pressure and temperature 
levels passed through are large and.the duration of a cycle is only a fraction 
of a second. TIm cylinders are water-cooled usually and sudden exhausting of 
gas is provided for. Under these conditions the exhaust gas can have a complex 
analysis and some of the constituents are responsible for the polluting of the 
atmosphere with undesirable and irritating results. 

Example 7.10 A combustible mixture of carbon monoxide and air which is 10% rich b 
compressed to a pressure of 8.3S bar and a lempcratuK of 282 The mixture 
is ignited and combustion occurs adiabaticalJy at consianl volume. When 
the maximum temperature b attained analysis shows 0.228 kmol of CO 
present for t kmol of CO supplied. Show that the maximum temperaiure 
reached b 2695 ^C. 

Solution For stoichiometric conditions 

C0 + l0, + (3.76 * iNjI-CO,+ 15.76 * JN,| 

CO + 0.50, + I.88N, - CO, + 1.88N, 

100 

ActualA/Fratios stoichiometric A/Fratio x — 

■ stoichiometric Ar'F ratio/1.1 
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7.7 DlB»eei«tion 


Therefore the aclual reactoats are 
CO+ (030, + l.8SN])/l.l 

Wiih diiiociation there wQI be some break gp of COj giving CO and 0] 
in (he products such that 

C0 + (a50j + I«N,)/I.l -<iCO, + l)C0 4cO, + (l.M/l.l)N, 


The question stales that i • IU2S, therefore 

CO + 0.4S5O, + I.TON, - «C0, + OJMCO + eO, + I.709N, 

Carbon batance: I > a 4 0,228 tbecefore a > 0,772 
0>;gen baJance: I 4 (2 « 0.433) • 2o 4 0.228 4 2e therefore c - 0.069 
For the reaction CO 4 {O. sCOj 

f.. _ * 

Fco(Fo,)*'* 

aad Peo.-—Pi. Pro-—Pi. Po.Pi 

ll| 


therefore 



where P 2 « the total pressure at the required lemperaturcaad » total amount 
of substance of products 

„^-a*b + c+ 1.709 » 0.772 + 0.228 + 0.069 -f 1.709 
«177B kmoi 

At ignittoo 

Pi - 8.28 bar and T, - 27) 282 « 555 K 

pfVmn,MTi and and ^ s consiaot 

therefore 


Pi 


Pi 


52 Zi 

"i T", 


where n, - amount (rf substance of reactants - I 4 0433 4 1.709- 3.164. 
Thea assuming that 7^ - 273 4 2693 - 2968 K. we have 


p, m 828 X X V Jg.gg bar 
* 3.164 535 


Substiiuiing in equation [I], 

3.446 

0228V (0.069 X 38.88] 
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Combidtion 


(herefore 

InK*- I.Z37 

from uWcs. lef. 7-6. il b wen by inurpolalion ihac In K* - I.23S (or ihii 
reaction at 2968 K shovting the aasuroed value to be true. The corceepondiDg 
pressure was calculated at 28.88 bar. 

Exampln 7.11 A miKure of hepune |CiH|t) and air which is lOK rich is initially at a 
pressure of I bar and lemperaiure I00°C, and is compressed ibrough a 
volumetric ratio 6 to I. It is ignited and adiabatic combustion proceeds 
at constant volume. The naiimum temperature reached is 2627’C and at 
this temperature the equilibrium constants are 

5!i 2^-7.0I and 
nco.PM, flcofPo,) 

If the constituents of tbe gas are CO 2 . CO. H]0. Hj. Oj and Nj show 
that approaimately 30% of the carbon bas burned incompletely. 

Solution Tbe processes are shown in Fig 7.7 and for a 10% nch mixture 
C,H,» + i5{llO, + (ll »3-76)Nj} 

- oCOj + bCO + cH,0 + <fH, + eOj + 110 « 3.76)Nj 

C,H„ + 100 , + 37.6Nj 

- aCOj + 6CO + cHjO + dHj s- eOj + 37.6Nj 


Fig 7.7 

Preuurt''volume 
diagram fer 
Example 711 



Then. 

Carbon balance'. + (1] 

Hydrogen balance: c + d * 8 (2] 

h c 

Oxygen balance: ii + - + - + ew10 {3] 

Amount of substance initially. < 1 , • I + 10 4- 37.6 - 48.6; amount of substance 
finally, n, — u + b + C'Vd + C'f 37.6. Also, 

and p,Fj-<i3#Tj 
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7.7 Dla*oclMlon 


ukI combimfig these gives 

Pi_PiK^ _ [ 

n, II, KjT, 


6 2900 
48.6 " 1 * 373 ‘ 


' a9S8 bv/kmol 


where r, • 273 -I-100 - 373 K. and T, - 273 + 2627 - 2900 K. 
The partial pressures are given by equation 614 is 


fo, “ —P> 

"i 



0 

6 

PcOg 

•-h 

Fco"-Fs 

"s 

"j 


c 

d 

Ph,o 

m—p. 

pH.Fl 

"J 

"i 


The example gives 

?«£!!i2,7.01 


fm.PH, 




• 4.49 


therefore 


and 






• 4.49 


[4] 

[5] 


The proportion of carbon burned incom^lely is given as 0.3. so that 0.3 of 
the initial 7 atoms of carbon bum to give b CO. 

i.e 6/7-OJ (bereroR6>2.1 

Then from equation []3iU™7 — 2.l~ 4.9. Substituting ill [4] gives 




. 7J)| » ^ • 


1636 

6 2.1 

From equation [2] 

e + d ■ 8 therefore 16364 * dm 
7J39 


8 dm- 


17.36 


• 0.461 


and e - 1636 x 0.461 

From equation [3) 




0.280 


subsciiuting in etiuition (5] gives 

o /n,y»_69/ 1 Y'» 

6e”Vp>/ 2.1 Va 28 X 0.958/ 

which gives suBicicnl agreement to the 4.49 quoted showing that appraximalely 
30*/. of carbon was burned to CO. 
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CombMiion 


7.8 Intamal anarsy and anthalpy of raaction 

Previous coBiMcnlion of iIk combustion proceu has not included the energ)' 
released during the process and final temperatures attained. It » evident, 
however, that such a process must obey the First Law of Thermodynamics. 
Applications of this law to other processes have been for pure substances, or 
those that can be. considered to be so. with the stipulation that their 
thennodynamie state is defined by two independent properties. In the type 
of process now considered there is the poieatiaj chemical energy of the fuel to 
be included which is relcaaed during the change from reactants to products 
It is an eiperimental bn that the energy released on the complete 
combustion of unit mass of a fuel depends on the t emp er a ture at which the 
process is urried out. Thus such qoaniitics quoted ate rebied to temperature. 
It will be shosni that if the energy release is knoivn tor s fuel it oiK temperature 
it can be calculated at other temperatures. 

The combustion process is defined as taking place from reactants at a state 
ideatified by tbe reterence lernperature Tq and another property, cither pressure 
or rolunte, to products at the same state. If the process is carried out at consianl 
volume then the Don.flow energy equation, Q + IF »((/2 — L/| Lean be applied 
to give 

or -e-1/a.-Ur. (7.1d) 

where IF - 0 for consuol volume combustion, U, - (he inieme] energy 
of the resetants which is a misture of fuel and air at 7^, and U 2 » Ifve the 
iotemal energy of the products of combustion at To. 

Tbe change in internal energy docs not depend on the path between tbe two 
states but only on tbe initial and final values and is given by the quantity, —Q, 
(be beat transferred to the surroundinp during tbe process. This is iliustraled 
■D Fig. 7.8 and also the ptofoty diagram of Fig 7.9. 


Hg TJ CoabustMo at 

reference conditione 



The heat supplied. Q, is called (he Mtemel evrgy of reuctlon or Tq and is 
denoted by A(/o. 

Le. C-AUo-l/a.-U,. (7,15) 

The molar internal energy of reaction at a sundard pressure of I bar is defined 
as Au^ « AUq/h, where n is the amount of substance of the fuel 

As the internal energy of the leacUnts includes the potential chemical energy. 
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7.1 «n«rgv •nd «nth«lpy of rooctlOA 


Fif. V~T didsrtm 
for combuslioo ai« 
ttforeace icmpcrtiuK 



ao4 tince heat is iraosfomd from the lyitem, il» evident that as deftned dC/g 
ia a negative quantity. 

For ceaJ constant volume combustion processes the initial and final 
temperatures will be different from the reference temperature 7^. For analytical 
purposes the change In ioteroal energy between reactants at state 1 to products 
at state 2 can be considered in three stages; 

(a) the change for the reactants from stale (to the reference temperature 7^; 

(b) the coDsUot volume combusiioa process from reactants to products at To; 

(c) the change for the products from 7^ to state L 

The complete process can be conceived as taking place in a piston-cylinder 
device as indicated in Fig. 7.10. 


Fig. 7.10 CorebuiiiOA 
between states 1 and 2 



Thus the change in intemal energy between luies I and 2. ft/] - Can 
be written more expUdOy ai»(Of, ~ C/n^k show the chemical dtanga involved 
and this can be further eipanded for a^ytical purposes; 

V,, -1'*, - (Iff, - (/O + iVt. - U»,) + ((/*, - Vt,) 

therefore 

Vf, - - (l/f, - UfJ + AUo + (t/f. - UO (7.16) 

Products Recants 

<«) (h) (a) 
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OxnbiMtloA 


Tbe noD-Row raergy equation applied lo a proceas involving combutiion 
and worl gives 

C+W'-yr.-t'a, 

It can be seen that the esprestioe Cor Up, - Up, has been convcaieDily S|dii 
up to give a term Up, ~ Up, which requires the product miaiure to be regarded 
as a single substance or a summation of tingle tubstaoce conttiiuenti, a similar 
term for the reactants sod the quantity AUg previously defined. The values of 
internal erMrgy for the consiiiuesrts of the mislures reittain to be delennined. 
These are functions of leinperaiure and the most accurate method is to uie 
tabulated values such at those of ref 1 A In tome cases it it a good appro limaiion 
to calculate changes in internal energy assuming the gaseous constituents to be 
perfect using an average value of c, for (be temperature range involved. If tbe 
temperaiure range is T, to Ti then the value of c, at Tw (T, 4 T])/2 can be 
used, this assumes a linear chuge in c, svith temperaiure, but if the temperature 
range is large the result may not be accurate enough and tabulated values of 
tbe praperties are required. Tbe tables of ref 7.6 give the values of t and li 
with i - 0 at the normal reference temperaiure of 25‘C • 298.15 K; S and a 
are virtually indcpersdenl of pressure. 

The changes in internal energy for the reactants (f/p,— tip,) and for the 
products < l/p, ~ Up,) can be calculated bom (be foUowiag espressions; 

(7-17) 

a 

where £p denotes the suminntioa for tO tbe constituents of the reactants denoted 
by t il, is the tabulated value of tbe internal energy for the constituent at tbe 
requird temperature 7^ or T|. and n, the amount of substance of the constitunnL 

Alternaliv^y if a mass base is used for the tabulated values or eakulation 


t'a.-Up,-£in(iifc-u,,) 

■ 

(7.18) 

where iq is (be internal energy per unit mass. 

In (enns of (be spedte heats which are average values for (be required 
temperature range 

Vk - ya, -1 ".c^i T, - T.) - ( T, - 71) S m.c,, 

H A 

(7.19) 

ud linsUf expmiooi for ibe products tn 



(7^0) 


(7J1> 

ye. - ye. - Z ".‘•.( - T.) - (T, - T.) 2 m.c„ 

r r 

(7.22) 
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9.1 Internal t<*»r9v *nd •nthalpv of rMction 


The process has been toaJysed on Che baiis of z non‘flo» process which 
involves combustion at coosuat volume. A similar analysis can be made for a 
steady'Aow or constant pressure combustion process in which the changes in 
enthalpy are importut 

«p, - H., - (Hp, - H,,) + A«, + (//», - «,,) (7.a) 

P^ueu Reacunit 

wh«R AMg • niAalpy of noetlon at aod 

AH, m H,, - Mg. and ii alwayt negative (7.24) 

Tbe molar eslbalpy of reaction la defined u - AH,/n at I bar where n it 
the amount of tubiunce of the fud. 

The eipreuiou for the ettange in enthalpy of reactanli and producii are 


s 

(7.25) 

«a.-Wa,-Im,(\-\l 

K 

(7.26) 

aod if mean specific heats are used 

«■. - H,, - S'Vr.CT, - T;) - (li - T,)2;<>i.c,, 

> • 

(7.27) 


(7.26) 

«p.-Hp. = I".(\-V 

P 

(7.29) 

sod if mean tpedfic heals are used 

«p, - «p. -1 - T.) - (T, - To) 1 «,c. 

(7.30) 


p p 


Note that ii,fig w in,rg. 

Valuet of molar eaibaJpy, aR*. referred to a preuure of I hat are given in 
ref. 7.6 for tome common ceaciiont. 

For eaample. 


Reaction AR“ 

tt23°C|29fi.lSK) 

(kJ/kmol) 

C(toI)40,-.CO> -3»S20 

C0 + }0,-C0j -282WO 

C.Hgfvipl •P7i0,-6C0, JH.Olliq) -3301 397 


It wiD be noted that tbe ttale of the fuel it given if it it lolid (tolX liquid 
(liq)or vapour (vapi if tbit it required. If HgOita product of the combuilion 
ibn it it occeiiary to know ibe ttale, liquid or vapour, at the end of the process 
by which aR* was determined, tf aR, is known for a panicuJtr fuel with the 
HgO fonned in Ibe liquid ttale the value of AR, with the HgO in the vapour 
ttale can be cakulaied. 
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Combustion 


Exampla 7.12 For beiuene vapour (C,H,) at 2S‘C Is -330! 397 kJ/kmoI with the 
H;0 in the liquid phase. Calculate for the HjO in the vapour phase 
SotxiUon It the H>0 remains as a vapour the heat iransterred to the surroundings will 
be less than that when the vapour condenses, by the amount due to the change 
in enthalpy of the vapour during condensation at the reference temperature. 

Ajgl vapl - A^gtliq) * n,ku, 

where m, is the mats of HjO formed tor 1 kmol ot fuel; ''U. It the change in 
enthalpy of steam between saturated liquid and saturated vapour at the reference 
temperature To and Is 244l.t IcJ/kgal 23‘C. 

For the reaction 

CgH. *■ 7jO, -eco, * 3H,0 

Therefore 3 kmolofHjO are formed on combustion of I kmol of CgH^; 3 kmol 
of H,Ow3 X IK wSdkg H^O. 

tUglvapI- -330 I 397 + (S4 X 2441.81 

- -3ie9540kJ/kmol 


In the equations for Use change in iniemal energy and enthalpy for reactants 
and products, and for Ai/g and Aifg. if a change in state takes place (e.g from 
liquid fuel to vapourf, a term describing this process must be included. 

Nothing has been said of the air-fud ratio for combustion during the 
fletertiiinAiioA oS or Cofksideration wiU »how that ihts docs oot 

flutter provided there b sufRdent air to eosure complete combustion. Excess 
oxygen, like (he nitrogen present, starts and Anbhes at the reference temperature 
7^ and so suffers no change in internal energy or enthalpy, thus not affecting 
AUoor Aifg. 

From the deffnition of the enthalpy of a perfect gas 

H’•v *rv~u*«H t 

So if w« are concerned only wiUi gaseous miiturcs in the reaction then for 
products and reactants 

and « t/i^ + 

where and ng are the amounts of substance of products and reactants 
respeciittfy. and the temperature b the reference temperaiure Tg. 

Then, using equaiJona (7.15} and (7.24), we have 

AHo.Ay, + (ii,-u,)i?r. (7.31) 

It there is no change in the amount of substance during the reaclion. or if 
the reference temperature is absolute sro. then Aff. and Ad. will be equal. 


Eeampla 7.13 Calculate the spedftc inlenuJ energy of reaction for the combustion of 
beruene fC.H.) vapour at 25 *C given that A^ = - 3 169 S4t)kJ/kmol and 
the H.O is in the vapour phase. 
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7.t lnl«rnil vnirgy and anthalpy of raartion 


Solution 


The combustion cquoiion is 

C.H. + 7JO, - bCOj + 3H,0(vap) 

II, • 1 + 7.5 » 15. B, « 6 + 3 ■ 9 
From C4tuilion<7.3ll 

■ SHo - iop ~ brJ^To 

- -(3169540 X II - |(9-<J) X 8.3145 x 298 

where r, <• 273 + 25 • 298 K 

u. 4(y,.-3169540- 1239--3l70779kJ 

(tmu that d(/, is negligibly diflereni (rom AH,) 

I kmol of C.H. ■ 16 X 12) -f (6 x I) - 78 kg 

therefore 


31707 79 

78 


-40651 U.'kg 


Charsge in reference temperature 

It has already been mcntioiKd that the intcnial energy and eolhaipy of reactioil 
depend on the temperature at which (be reaction occurs. This is due to (he 
change in enthalpy and internal energy of the reaetants and products with 
lemperature. 

It can be seen from the property diagram of Fig. 7.11 that the enthalpy of 
reactiiHi at temperature T, can be obtained from A/f. at T. by (he 
relationshjp 

-AH,. -AH, +- IH,. - H,,) - (H,, - Hp.l (7.32) 

where H,, - II,, — increase in enthalpy of (he reactants from To to T 
and H,, - If,, - Increase in enthalpy of the products from 7, to 7“ 


Flt.7.11 H-T 
diagram for combiution 
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Combustion 


ExampU 7.14 For carbon monoxide at 60*C, Ab U given is — 2it2990kJ/icfnol, Calculate 
AA at 2800 K given that the molar enthalpies of the gates concerned are 
as given in Table 7.10. 


Tabb 7.10 Moiai 
cnihaipict of gases 
for Example 7.14 



Molar <Aihalpy/<fcJ 

Gh 

Ay <0*C 

Al 2000 K 

Carbon mgnoaide 

lOIS 

KIIS 

Oxygen 

1036 

90144 

Carbon dion^e 

t3M 

140440 


Solution The reaction equation is 
CO + JO,-COj 

Also, taking values from Table 7.10, and using equations (7.2S) and (7.28) 
if,.-(l s 1018)4(0.5 X 1056)- ]S36kJ 

X 86115)4(05 X 90144)- 151187kJ 
Up, - I X 1368- 1368 U 
/fp, = ] X 140440 = 140440 Id 

Then using equation (7d2) 

- AHp= - AH, 4 (H., - H^) - (Hp, - Hp,) 

-(lx 282990 ) 4(131187- 1536)-(140 440- 1368) 
-273569 kJ 

le. Aii--273S69kJ/kmolCO 


The property disgrem end real proceue* 

The properly diagram of If agaiiut This already been referred to and is shown 
in Fig 7.l2lal;a diagram of H against Til shown in Fig 7.12(b). The diagranu 
can be used eiTcctivcIy to demonstrate real processes of interest. The solid linea 
indicate the property varia lions wiihTifiheconstiiuenisaregateouL If reactants 
Of products contain a liquid component then the property lines will be modified 
as shown by the dotted lines. It can be seen by inspection that (he cfTccl of 
condensation of the HiO in the products is to increase A(/, and AH,. 

In processes I -A. T.^ = 7, and there is a masimum energy transfer to the 
surroundings AC’r or AH,. 
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74 bturnal vnArgy ftAd ftnthAlpv of roaetlon 


nc.1.12 (/-Toad 
H-r diatranu for 
combustion 




In processes I B the ioteroal energy, or enthstpy, initially and fuialiy is the 
same so that the iDcrtaie m lemperature is a maximum and the combustion 
process is adiabatic 

I n I -C the processes are general with beat transfer and possibly work transfer. 

Process I-A' in Fig 7.12(a) comspoods to the constant volume bomb 
calorimeter test and in Fig 7.12(b) I-A’ corresponds to the sieady>flow 
ccmbusiion Boys' calorimeter test Both of these tests are discussed later in 
section 7.12. 

In a general non-flow or steady-flow process the initial state (I) and flnal 
Slate (2) will be different and oeiiher will be at the reference temperature Tq. 
The quantities of interest are Uj and if] — if, for the respective processes. 

It can be seen readily bom Fig 7.13 that 

Vi-u, = -(I/, - yj). -{-AU,- {Vt, - Vt,)-(Vr, - y,,)) 

y, - y, - y,, - u., - (y,. - y^.i + 4y„ + (u,. - y.,) 


Fit. 7.33 
Encrty .absolute 
Icmpcralure diagnm 
beiwecn iiain I and 2 



Thit is e<)ualion (TIE) repealed. A cocresponding eiprtsaon is obuined Tor 
H, - H|. 

TIm principles deal) wilh in this section will now be applied to typical 
problems. 
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Combunlon 


Example 7.15 A combusliMc loixture of carbon monoxide and air which is 10% rich ij 
compressed loaprcasurcofSJj bar aodalemperBlurcof2tl2°C. The mixture 
is ignited and combustion occurs adtabalicall)' al constant volume. Calculate 
the maximum temperature and pressure reached assumina that no 
dissociation takes place. Al the reference temperature of 2S ’C dho for CO is 
-282990U/kmoL 

Solution For stoichiometric conditions 

CO * io, + (3.16 X })N, - CO, + (3.76 x i)N, 

CO ■¥ 0.50, * I48N, -CO, -t- I.88N, 
and for a mixture slreagth of 110 % 

Actual A/Fiatio a sioichioaMiric A/F ratio x 

a sloichiomeinc A/F ratio/l.l 
Therefore, for the actual conditions, 

CO + (OJO, + l.88N,)/l.l -aCO, + WTO + 1.71N, 


TbcD, 



Carboa balaooe: 

1 — fl 4 6 

[■] 

Oxyfea baSam: 

I4(0jx2)/l.t-2o4 6 


ie. 1.909 = 20 4 6 

[2] 


Ftom equalioo (1} and [2] 


•1-0.909 and 6-0.091 
therefore 

CO + 0.«S3O, 4 l.109N,-a909CO,+ 0.091CO.f 1.T09N, 
Also for the reaction 

C04i0,-C0, 
a, a 1 « as . 1.3 and 11,-1 
therefore 

d(/oaAM,-(>,-n,)flr, 

a (-282990 X I)-{(1 - t.Sl X 8.3149 x 298) 
a -282990 4 1239a -281751 kJ 
U. ddS--2SI75I kJ/kmol 
The non-Bow process is delmcd by 
e4it'-(t/,-i/,) 

Also Q — 0; IF a 0 at conslanl volume; U, — Ha, (/, — therefore 
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7 J ♦OTgv and ■othAlpy r*Mtton 


(V,, -1 /,.)+(y,, - Ufc)+(u,. - u,.) - 0 

(y»,-y»,)+Ay«+(y^-y..)-o [jj 

The value of molar iotenul ener^ for the vaiioua gates can be read Crom 
the table of ref. 7.6. Then 

At 2911$ K Vt,m -2479-(a455 x 2479)-(1.709 x 2479) 

• -7»44U 

AlSSSK Ui, - 29S4.6 4-(0.4$$ x 32)}.l)4 (1.709 x 2944.2) 

• 9487U 

A(29M$K It,,. -(0.909 x 2479)-(0.091 X 2479)-(1.709 x 2479) 

> -6716 U 
Substituting in [3], 

(t/r, + 6716) - (0909 x 2817$l) 4 | -7844 - 9487) - 0 

Note: there are 0.091 kmo) CO in tire products therefore only (1 — 0.091) » 
0.909 kmol of CO rdease energy of reactioa 
Le. [fr,-266727U 

To find the temperature of products a trsal-and-error method is now necessary. 
AtTi [fr, s {a909x (02forCO])}4(a09I xfO^forCO)} 

4 (1.709 X (a, for N,)} 

Tryrj" 320OK 

(/p,«(a909x 138720) 4 ((X09I x 74391)4(1.709 x 73SSS) 

> 2$8S72U 

This compare with the figure of 266 727 U calculated above, hence the actual 
temperature of the products it slightly greater than 3200 K; a second gueu from 
tablre gives a value of 3280 K. 


The temperature calculated in Eiamp)e7,lSis that which would be obtained 
by adiabatic combustion of the mis tore. This lereperature would not be attained 
in practice due to the effect of dittodaiion: this was discussed in section 7.7 
and the inclusion of this effect ia illusinied in Example 7.16 

ExampIn 7.1fi Calculate the final temperature (or the mixture defined in Example 7.15 
ittciudiDf the cllecl diasocaaijon. 

Solution The proportions of the constituents depend on the temperature so t)ie 
combtstioo et^untioo is vritteo as 

CO 4 a4550i 4 1.T09N, - oCO, 4 bCO 4 cO, 4 1.709N, 
and b and c can be expressed in terms of a by an atomic balance. 
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Carbon baUace: l-a + b Iberefoce b — 1 - j 
Otygea balance: I + (0.4SS x 2) s 2<> + b + 2e 
1.91 2s + b -t- 2e 

LC 2c B 191 ~ 2s-(I - s) 

ihcrcfore 

c B 0.4J5 - 0.5s 
and 

CO + 0.4550, + I.709N, 

-aCO, + (l -s)CO +(0.455-O.So)0,+ 1.109N, 
The energy equation can be written as previously 
(1/,, - l/f.) + A£/b + {U,. - y,,» B 0 
Using the values caJculaled in Example 7.15. 

Up. - -(ax 24791-1(1 -s) X 2479) 

- 1(0.455 -OSsI X 2479) - [1.709 x 2479] 
--(3.164-aSs)x 2479U 
AU.B -ax 28I75I U 
t;i^-_7844U [/,,-94g7kJ 

Substiiuting. 

Up. + {(3.164 - 0.5ol X 2479} - 2S1751s - 17331 - 0 
therefore 


Up. = 9487 + 2829910 [1] 

A second equation is derived using the equilibrium constant (or the reaction 

_—21—r 

pcolpbj.rt (l-s)l(a455-ft5B)p,j 

where p, is the pressure of the mixture alter combuslion and n, the number d 
kmol ol the pnducta New 


PiKbSiKT, and p,KBn,Ar, 

(1 +0.455+ 1.709) 
p, T,p, r, 8.28 


212.08 

7i 


kmol/bar 


Substituting in the expresMn for K gives 


a f 21108 
(l-s)t(0455-a5a|r,| 


C2] 


Wbeo the v&lue of 7j is knows can be found by resdisg off fi 

lor each of the products aad aiuiii^yni| ^ ibe amount of $ubstaac« of each; 
equating this to tbe value of Uf, i& [13 aUowi a value of s to be calculated. 



74 EmhaJpvofformnlon, 


Sunilviy, when Tj B knova a value af ln(X*) caa be read from tables, and 
riom [2] a value of a U Ihea found. 

Therefore, one coovenieot irial-aiid-ertor method U to choose a value of Tj. 
cakubte a value of a from (I ], arid then find a value offf* from [2]. Compare 
this value of K* with that found from uMcs at Whenibe itvo values of K" 
ate the same then the correct value of T, has been found. 

For eaam^ at T, - 3000 K, from laUes: 

Ut,- 1279200468398(1 - e) 

4 72133(0.433 - 030) 4 (67795 a 1.709) 
-217745422744.50 

i* m[l]. 

21374$ 4 22744.5a - 9487 4 282 991a 
therefore 

0-08 

Subslituilsg for o and T, in [2] 

^._a8 f 21108 

0.2((0.4S3-0.$o) x3000j 
-4.54 

From taUes at 7^ = 3000 K, 

ln(K*)-].llO therefore K*-3.03 (too low) 

By such a method the value of Tj is found to be 2949 K to the nearest degree. 
This value should be compared with tbe value of 3280 K from Example 7.15 
Vihen dissociatioD was ignored 


7.9 Enthalpy of formation, dA| 

The combustion reaction is a panicular kind of cbcroica] reaction in which 
products are fomied front reactants with tbe release or ibsotplion of energy as 
heat isiransfeTTcd to or from the surroundings. As some substances, for instance 
hydrocarbon fuels, may be many in number and complex in structure the 
enthalpy of reaction may be calculated on the basit of known values of the 
molar enthalpy of formation. of the coostiluenti of the reactants and 
products at the icfcrence lemperaiure Tj. 

The molar enthalpy of formatloD AA) is (he increase in enibalpy when a 
compound is formed from its constituent elements in (heir natural form and in 
a standard slate. Something needs to be said about the standard form. The 
oonnal forms of oxygen fO^l and hydrogen (H]) are gaseous, so &lif for tb'- 
can be put equal to zero. The normal Conn of carbon (C| it graphiie, 
for solid carbon it put to zro. Carbon in another form, e.g diamond 



Cpn>iM«tMn 


is D 0 ( 'nOTTDal* And is <|UO(ed The standard suir is 25 and I bar 
pressure^ but it must be bone is miikd that not all substances can exist in ibe 
natural form. a.g. KjO eaoflol be a vapour at i bar and 25 
For caleulaiioD purposei, for a particular fcactton 

(7,33) 

r • 

Typical valuoofAX* are quoted for diflereni lubslances In Table 7.11. 


Table 7.11 Typical 
heata of formation A^f 
of varloui apcdea al 
2S’C(29gK|iiKl Ibar 


Subiunec 

FonmiU 

Suite 

d^r 

llJ/bmol) 


0 

Gai 

247170 

Oiyfen 

0, 

Oas 

0 

Water 

H,0 

Uqiud 

-2(3220 

Water 

HjO 

Vapour 

-241830 

Cstboo 

C 

Gat 

714 990 

Csrboo 

c 

Diasood 

1900 

Carbon 

c 

Ciiphile 

0 

Carbea moaeskte 

CO 

Gas 

-110330 

CsrboB diewkte 

CO, 

Gas 

-393320 

Mel bane 

CH. 

Gas 

-74870 

Methyl skoboJ 

CH,OH 

Vapour 

-240332 

Ethyl alcohol 

C,H,OH 

Vapour 

-281102 

Eihaoe 

C,H, 

Gas 

-83470 

FfhOTi^ 

C,H. 

Gas 

52470 

Propnoe 

C,H, 

Gas 

-102900 

Butane 

C.H,, 

Gas 

-125000 

Octane 

C.H., 

Uquid 

-247 MO 


Exampla 7.17 Calculate the molar enthalpy of reaction al 23 *C of ethyl alcohol. C^H^OH, 
udiig (he data of TaUe 7.11. 

Solution Using equation (7.33) 

- Z 

r K 

and the combustioo equation 

+ 20j - 2CO, 3HiO 
j;a,4Af« I X (-2gl 102) + 3 xO - -281102 

i 

£R,dji;- 2 x(-393320) + 3 x(-241g30|» -1SI2S30 

f 


tberefore 

.1512520-I'281 102) 

a 'l231428kJ.'kiiK4 


7,t1 Powsf 9lMtt thermal •fftolancv 


7.10 Calorific value of fuels 

The quenlilies AA* aod An'’ ue approtioialed lo in fuel specifications by 
quaotiuce caJkd catorifie vaSues which are obtained by the combustion of the 
fuels in suitable at^saraius. This may be of the constant volume type (e.g. bomb 
caiohmeier) or constant pressure, sieady*flow type (e.f. Boys' caJorimeler). 
Both of these are described in sectioo T.l. Definitions of calorific value ace as 
follows: 

III The energy transferred as heal lo the surroundings (cooling water) per 
UDir quantity of fuel when burned at constant vdume with the HjO product 
of combustion in the liquid phase is called the gross (or higher) calorific value 
(OCV) at constant volume This approsimaics lo -An* at a refeience 
temperature 2S'C with the H^O in the liquid phase. 

If the HjO products arc in the vapour phase the energy released per unit 
quantity is called the net (or lower) c^rific value (NCV) at constant volume, 
(^.^..Thttapprosimaietlo -Au*ai2j*CwiihiheHjOloihe vapour phase. 

(2) The energy transferred as heal to the surroundings (cooling water) per 
unit quantity of fuel when bunsedat constant pressure with the H:0 products 
of combustion in the liquid phase is called the gross (or higher) calorific value 
(GCV) at coDslanl pressure, Q^,,. This approsimates to —Ah* at a reference 
temperature of 25*C with the H^O in the Liquid phase. 

If the HjO products arc in the vapour phase the energy released is called 
the net (or lower) calorific value (NCV) at constant pressure, This 

approiimaies to -Ah* at 23 °C whb the H 2 O in the vapour phase. 

Contrary 10 the defiiiilioc of An* and Ah* it is usual to quote calorific values 
as positive quantities. If aod the fuel composition is known, the other 
quantiucs can be calculated. The above quantities are related as follows. For 
the constant volume process 

fir.' “ fi~>- + (T34) 

For the constant pressure process 

(7.35) 

where m. is the mass of condensate per unit quantity of fud. 
u,, • u„ at 23‘C for HjO • 2304.4 kJ/kg 
A„ w A,, at 23'C hr H,0 - 244l.gkJ. kg 

The caionfic vsluet dilEec from Ah* and Au* duo to the departure of 
esperimenial conditions from ideal with regard to lempeniures uf products 
aod reactants and also beat transfer conditions This tope is discussed further 
in section T.I2. 


7.11 Power plant themwl efficiency 

The purpose of any power plant is the power output which should be obUiiued 
as economically as possible consislenl with capital cost and running conditioas. 
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Combuvtlon 


It h Dccesaiy to uscss the ovenll perfomance of a pleat for compatiaon 
purpoies and an imponant critcrioii ia the overall ihermaS efficiency iJq. This is 
defined at 


work output 
fuelenerur lupplied 


It is necessary 10 decide on lhedenominaiorrorlhitdefinilion.lt is desirable, 
if we consider a steady-Bow process, to relate the plant conditions to thoie for 
the ttetdy-Sow calorimeier in whieb the products art cooled (o atmospheric 
temperature giving However, it it not possible, or desirable, to cool the 
products of combuttion in a real plant to sinospheric temperature so there is 
a substantial energy loss to atmo^here. Complete cooling of the products would 
require large heal transfer suefaeca which are expensive and the condensate 
produced would form corrosive acids. At achieving these conditions is not even 
attempted it seems that the use of Q^,, it unsaiiilacioty and Q,^, it more 
appropriate and this is (rften prtferr^. It docs not matter for comparison 
purposes except that both values are in use making the defioiiion of riv somewhat 
arbitrary as 



or 



(7.36) 


H is necessary to stale with the definition whether or is being used. 

In a plant it may be required to assess the boiler or steam generator 
perfomiancc only, in which case the boiler ^ciency, given similarly in 
equation iS-16), is defined as 


.... heatiransferredtos'orkingfiuid 

Boiler efficiency >- - - 

fuel energy sundied 


therefore 


be 


heal transferred to nrorking fluid 


It is again necessary to stale whether Qt,_, or Q, 
cfBcieney b quoted. 


(7.37) 

is being used when boiler 


Exampla 7.16 A medium-size steam boiler required to supply a generator of output 
23000kWhuaperfonnaoce speciflcalion as follows: steam output 31 6 kg/i; 
steam pressure 60 bar. steam temperature SOO'C: feed water lemperalure 
100''C; fuel, natural gas|96.3SCH4.0.5% C]H«, remainder incombustible): 
gross colorific value 3g700kJ/m' at 1.013 bar and 15'C: fuel consumption 
2.85 m'/l. 

Calculate the boiler efficiency and the overall thermal efficiency based on 
the net calorific value of the fuel 

Selulion I kmol of CH 4 bums to give 2 kraol H^O. therefore 0.965 kmol of CH 4 bums 
to give 2 X 0.965 x Ig • 34.74 kg H,0. 
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7.12 PrKtiMl d«t«rmi>>atioA of calorifie v*lu«» 


I kmol of C 2 H 4 burns to give 3kmol H^O, therefore 0.005 kmo2 of C 3 H« 
bums to 3 X 0.005 x 18 « 0J7 kg H^O. Uverefore 1 krnol of gas 
produces 34.74+0.27 - 35.01 kg HjO. and I kmol of gas occupies a 
volumeor (Ar/p)«<»I4J X 2<8,'I.0I3 < IO’)>23Mm’ at 1.013 bar and 
15°C. iherdbre 

Sieaia formed per m’ of fas • - 1.481 kg 


Using equation (7.3S) 

Q^.r “ 0(M... + '".Vi 
therefore 

38 700-(1.4g| X 2441.8) > 3SD84kJ/m' 
Heat to working fluid 

• 3421 -4I9.I • 3001.9 U/kg 


Using equation (7J7k tbeicfore 
3001.9 X 31.8 


7a" 


U5 X 35084 


0.95(95%) 


and using equation (7.36) 


work output 
- 0 - 


25000 

185 X 35084 


= 0J5(25%) 


7.12 Practical datarmination of calorific valuaa 

The methods for detertnioing caloriJic value depend on the type of fuel; solid 
and liquid fuels are usually tested in a bomb calorimeter, and gaseous fuels in 
a continuous.flow apparatus such as Boys' calorimeter. The apparatus in every 
case is required to meet with a standard speaficaiioo and the procedure to be 
adopted is also laid down. 


Solid and liquid fuel 

In the bomb calorimeter combutiionoceun at constant vedumeand is a non-flow 
process: In Boys' calorimcier the gas is burnt continuously under steady-flow 
conditions. 

The bomb is a small stainless steel vessel in which a small mass of the fuel 
is held in a crucible (see Fig 7.14). IfUieruelissalid,it is usually crushed, passed 
through a sieve, and then pressed into the form of a pdlei in a special press. 
The size of pellet is estimated from the expected heat release, and is such (hat 
(be temperature rise to be measured does not exceed 2-3 K. Tbe pellet is ignited 
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Contbusflon 


F1|. 7.14 Bomb 
Cftloriineier 


Cotameu M eiuratl 
ftMtarcwi 


Rdtt 

v*Jvc 


Oertncal copoKiiont 



Filed f Bge 
tbenoeirter 
for Beekm&nn type! 


Nyte* to 


by fusiog a piece of pbiioum or okhrome wire which is io cooiaet with iL The 
wire forms part of %n electric tircuii which cee be completed by a flhng button, 
which is siiuaied ca a position remote from the bomb. With a special form of 
press the pellet can be formed with the fuse wire passing through it This 
fieUiuiei the Ariog. particultriy with some of the more diflkuU fuels. The 
crud^ carrying the pellet »located in (he bomb, a small quantity of distUIed 
water is put ln(o the bomb lo absorb (he vapours formed by combustion and 
to ensure that the water vapour produced is condensed, aed the top of tha 
bomb is screwed down. Oiygen is (hen admitted slowly until the pressure li 
above U atin. The bomb is located in the calorimeter and a meaiur^ quantity 
of water is poured into the calorimeter. The calorimeter is closed, the external 
connections to (he eircuct are made, and an accurate thermometer of the Axed 
range or Beckman type is immersed to the proper depth in the water. The water 
H stirred in a regular manner by a moior'driven stirrer, and temp e rature 
observations are taken every minute At the end of the filth minute the charge 
is fired and temperature readings are taken every 10 s during ibis period. When 
(he temperature readings begin to fall tbe frequency of readings can be reduced 
to every minute. 
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7.18 Pr«ctie*l d«twtnin*tlM of oakirtfie voluos 


The measured temperature rise is corrected for various losses The cooUog 
loss is the Urgest. bul cotnetiODs act also necessary for (be heat released by 
the combustios of (he wire itself, and tor the tormalion of acids on combustion. 
Tbe cooling correction can be determined graphically or by use of a tormula 
developed by Regnauli and Pfaundler. The allowaoce tor the combustion of 
the wire is delennined from its weight and known calorific value. The allowance 
tor acids present it deienniDed by a chemical titration. For most purposes only 
the correction tor cooling need be applied. 

If a liquid tod is being tested, it is eoniaioed in a gelatine capsule and tbe 
firing may be assisted by iiKlvdiog in the crudUe a lilllc paraffin of known 
calorific value 

The water equivaleoi of the calorimeter is determined by burning a fuel of 
known calorific value (e.g. benaoie acid) in the bomb. The calculation for Ihe 
lest is (hen as tollows: 

Maas of fuel x calorific value 

- (mass of water + water equivalent ot bomb) 

X corrected temperature rite x specific heal capacity of water 
From Ihb equation the calorific value of the fuel tested can be found. 

Example 7.19 Table 7.12 gives tbe results of a bomb calorimeter test on a sample of coal. 

Tbe mass of coal buroed was 0.825 g aod the total water equivalent of the 
apparatus was determined as 2500 g. Calculate tbe calorific value of the coal 
in kilojoules pec kilogram. The temperature rise is to be corrected according 
to the fomiuU by Regnauli and Pfaundler. but no correclion need be made 
for the acids tonned. 


TtHe7.]2 Kesulufor 

A bomb calonmner lesi Pre-nnji| 
pmod UiTK 

Temp. 

Healing time 

Temp. 

Cooling period 
urae 

Temp. 

(‘C) 

(CDJ&J 

CC) 

(muL) 

CCI 

(micLi 

0 

U.730 

r, 6 

27.340 

1,10 

27.860 

k 

25.732 

'.7 

27060 

II 

27.876 

2 

25734 

r,6 

27683 

12 

27.874 

3 

25.736 

U9 

27gl3 

13 

27.874 

4 

23.736 



14 

27.872 

>>) 

23.740 



13 

27.870 


Solutitn Tbe Regnauli aod Pfaundler cooliai eorruction is as tollows: 

Correction - no + ^:)r i (tl + iito + M-ntj 

where n is the number of minutes between the timr of firing and the first reading 
after tbe temperature begins lo fall from (he maximum, r the rate of fall of 
temperature per minute during the pre-firing period, c, the rale of fall of 
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(emperaiure per mmuie ifter the maximum temperalurc, t and (| the average 
lempeialurei during Ihe pre-firing and final perioda reapeciively. the 

sum of the readings during Ihe period beiueen firing and the start of eooling, 
and i(tg -t-1.) the mean of Ihe lemperaiute at the moment of firing and the 
finl lemperetutc afier Ihe rale of change ofiemperaluR hecomes constant. The 
pre-firing and final periods are of the sane duration. 

In this example 

a - 10 - i - S min 

/217d0-2S.?30\ _ . 

a ■ -I- - - 1 • -0.002 K/min 


the negative sign indicates that the temperature was rising in the pre-firing 
period. 


27.«80 - 27.870 _ . 

0 , ■---- 0.002 K/min 


r - 2J.7J5 ’C and t, • 27.875 "C 

"Z’dl-110-m‘C and 
1 

. 25.740 + 27.880 .. 

ilia + t«) *-T-“ 26.81 C 


Substituting the values in the eriualion gives 

^ __/ 0.002 + 0002 \ 

Correcuon =-5 x 0002 +j 

X (110.988 + 2681 - 5 X 25.735) 
Le. Coneciion - 000705 K 


Uneorteeicd temperature rise = -t, - tg 

= 27JBO-25.740 = 2.14 K 


therefore 

Correct temperature rise • 114 + 0.00705 = 2.147 K 
Then Healceleascdfrom0.825gcoal-1]47 x 2500 x 4.187 x I0'> 

>215 kJ 


Le. Calorific value =-: « 27 250 kJ/lcg 

AMS * in*5 ^ 


Calcmfic value of fud » 27250U/kg 



7.12 PrecUeal dvtarnilnatlon of cilorlf>c viduM 


Gaseous fuels 

For a gaacous fuel a continuous supply of the gas is metered and passed at 
constant preusure into the calorimeter, where it is bunted in an ample supply 
of air (see Fig 7.1 J). The products of combustion are cooled as nearly as possible 
ro the initial temperature of the reactants by a continuously circulating supply 
of cooling water. The gas pressure and lemperaiure are measured and the 
amount of gas burned is referred to 1.013 bar and IS*C The temperature rise 
of the drculaiiog water it measured, and the condensate from the products of 
combuilioo is coUected. A test is carried out over t fixed time period. The water 
flow rale is messured and the condensate is waghed. Then we have 

1 Volume of fuel el 1.013 bar and IS'CI x (caloKfic value) 
w (mass of water circulated) x specific heal capacity 

« (temperature rise of water) 


Fig. 7.15 Boys'gu 
caloruDctcr 



The calorific value of the fuel is obtained in megajoules per cubic metre of 
gas. The correct procedure (or this determination is given in ref 7.7. 

to both the bomb catorimeter test and Boys’ calorimeter test the steam 
formed on combustion is condensed, and so the heat released by the steam 
on condensing is transTerred to the cooling water. 
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CodilMiatMin 


Example 7.20 In a bomb calorimeter ten on peool the GCV was determined and found 
to be 46 900 kJ/kg. irihefuel contains [44% H by mass, calculate the NCV. 

Solution From equation (7.11, 

2H, + 0,-.2Hj0 

tbercTore 

4 kg H -f 32 ki O, - » kf H,0 
or 1 kg H gives 9 kg H^O. therefore 

0144 kg H gives 0.144 x 9 - 1.296 kg H,0 
Then using equation (7.34) 

therefore 

G^..-46900-(1.296 x 2304.4). 43910 kJ /kg 
Table 7.13 gives some typical caloriAc values of solid, liquid, and gaseous fuels. 


7.13 Air and fuel-vapour mixtures 

The miiture supplied to an engine fitted with a carburettor is one of air and 
fuel vapour, and the quality of the mislure a eontroilcd by the carburettor. If 
the itiatore is saturated with fuel vapour then the relative proportions of fuel 
to air can be determined from a knowledge of the temperature ^pressure 
relationship for the saturated fuel Such values are pycn for ethyl alcohol in 
Table 7.14. 

Exampla 7.27 In Example 7.3 Ibe stoichiomelric A/F ratio for ethyl alcohol, CjH^O, was 
found lobe S.9S7/1. If the NCV of ethyl alcoheri is 27800 kJ/kg calculate 
the calorific value of the combustion mixture per cubic metre at I.0I3 bar 
and li‘C 

Se/ulion The mobt mass of ethyl alcohol is 46 kg/kmoL Ihcrefoit we have 
amount ofsubstanceoffuel per kilogram offuel - ^ 

-.0.021 74 kmol/kg 

Tire molar mass of air is 28.96 kg/kmol, therefore 

8 957 

amount of substance of air per kg of fuel . —— . 0.3093 kmol/kg 

28.96 

i.e. 
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Total amount of substance of mixture . 0.021 74 + 0.3093 
-0.3310 kmol.'kg 



7.1 i Air v»9 f4»»l >v»^vr mMurm 


TiHcl.n Typiol 
CAlorUic vtlues of $oiae 
fuda 


TaU* 7.U 

Approximate saiurttion 
(arepeftiurea lAd 
preaaurea for ethyl 
atohollCiH40) 


Fud 

CatoiSe value 
asi9*C 

(kJ/kgl 

Groet Net 

Solid 

AoiKndu 

M<C0 

33900 

Bmimiiwiii cotl 

33S00 

32430 

Coke 

30 7» 

30300 

Llfilile 

2U50 

20400 

Peti 

ISMO 

14300 

liquid 

lOCkMim petrol 

47300 

44000 

Motor peUol 

44100 

43700 

Beuole 

42000 

40200 

KcroKoe 

44230 

43230 

Dieael cd 

44000 

43 230 

Utbt fodoU 

44 too 

42100 

Heavy fuel oil 

44000 

41300 

Reaidwel fud oil 

42100 

40000 


Calonfie value al 


IS.'C and 1 tar 

(MJ/bi>) 

Gas 

Gross 

Net 

ButUK 

l22ilD 

11300 

Propane 

94.00 

14.00 

Natural gas 

30.20 

3320 

Coal gas 

2000 

I7J3 

Hydeogea 

ll.lt 

1000 

P^ucer ps 

404 

400 

Blast-furnace gas 

3.41 

3J7 


T<mp.A*C) 0 10 2D 30 40 50 <0 

Prc*aure/4bwi 0.0162 00314 0i05M 01049 0.1800 02960 0A690 


From equabon (10) 
fV-nUT 
(hefcfoce 


<U3I X 8314.S X 2U 
' IJ)I3 X 10’ 


7^24 m’ per kg of fuel 
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Coiiib uitJ ofi 


Now NCVoffiiel-e_u.-W-«MJ/k* 
tberdbre 


NCV of niilUK 


iZ£ 


3i5 MJ/m’ of mixlure 


Exampla 7.22 For ■ tioiduoBieirie laiiiure of ethyl alcohol and *ir colculeie the 
temperature above which there will be do liquid fuel in the mixture. The 
preaure of the mixlure b 1.013 bar, 

Solution Uiiag the retulu of Example 7.21, we have 

amount of subeiaoce of ethyl alcohol -0;02l74kinol/kg 
and Total aniouol of subKanee • 0J31 kmol 


Then using equation (6.14k Pi * (r>(/n)p, we have 


Pania] pressure of ethyl alcohol vapour 


0.021 74 


0.331 
• 00663 bar 


X 1.013 


From TaUe 7.14, the saturation temperature corresponding to this pressure 
lies between 20 and 30‘C Therefore interpolating 

/a0665 - a0584\ 


= 20 + 


VO.1049 - 00584^ 


«(30 - 20)=21.74’C 


Hence the minimum temperature of the mixture it 2I.74*C for complete 
evaporation of the liquid hiH. 


Problemb 

7.1 A sample of biiuiniiious coal gave ibe foUowcog ultimate analysis by mass: C 81.9H; 
H 4.»H: O 6 H: N I3K: asb a«H. Calculate: 

(I) Ibe stoicbiosaelrk A/F ratio: 

Id) the analysu by volume ef the wet and dry products of combustion when the air 
supplied is 23S in eaceas of that lequircd foi compMe combustioa 

(IOJ/I:CO, I4I4S;H,0 30734:0, 4.0IH: N, 7671%: CO, 1489%: 

0,4.»%: N, 80.11%) 

72 An intlytis cf natural gas give the followini values: CH 4 93%: C,Ht 4%: N, 3%, 
Cilculste the stoiehiametric A/F ratio and the nnnlysb of the wet and dry products 
of combustioo when the A/F ratio is 12/1. 

(9J24/1:C0, T.T6%:H,0 1321%; O, 3.99%: N, 7304%: CO, 9.15%; 

O, 471 %:N, 8614%) 

74 Cnlculsie the sioichiocnetric A/F raiio for benzeM (CtH,). end the wet and dry 
analysis of the combustion products 

1132/1: CO, 1613%: H,0 606%: N, 7321%: CO, 1724%; N, 8246%) 
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Problem 


T4 In (he Ktual cocnbunioa of beiuene ia in eaiiae (be A/F niio wit 12/1. Cdkulile 
(he iniljst of (he wet products of conbuuioiL 

(CO, CO 3.94%; H,0 8.66%; Kj 7403%) 

7J The uldmiie lulyns cl i uapk of petrol wii 8SJ% C end 143% H. Cikuliiei 
((1 (he tioichionteinc A/ F raiio; 

(ill (he A/F nUo when (he mixiure i(m|ih n 90%. 
fliil (he A/F ntio when (he miMurt iirtn|ib » 120%; 

(iv> (he iniJyies of ibe dr> produeu lor Id) and liul; 

<vl (he volume 0o« nie of the producu through the engine eihiuti per unit rate of 
fuel coBiumptsoB for lid) when the preuure ii 1013 her and the lenpeniure it 
llO'C 

r 14.76/1; 16.4/1; 12.3/1; CO, 13.31%; 0,124%; N, 14.38%; CO, 167%; 

CO 8.79%; N, 8254%: 15.11 ffl^tper k|/i) 

74 The ulunite luljvt of i simple of petrol wu C 85.5% and H IA5%. The analytii 
of (he dr> pfodueti gave 14% CO, aad tome 0,. Calculate the A/F ratio tuppited 
(0 (be eitgiae, and (he iiuiture iirengih. 

1(5.72/1; 94%) 

7.7 Inao engine lest (he dry prodoa analyw was CO, 15,5%; O, 23% and the Teniimler 
N,. Asniming that the fuel burned was a pure hydrocarbon, calculate (be ratio of carbon 
(o hydrogen in (he fuel, (be A; F ratio used, aad (he olitiire strength. 

(11.5: 14.84/1; 893%) 

74 Tbe ultnaacc analysis of a sample of petrol was 85% C aad 15% H, The analysis of 
(be dry products showed 133% CO,, some CO tod (he remaiader N,. Calculate: 

(i> (be actual A/F ratio; 

<U1 tbe mixiuK strength: 

I iii 1 the mass of K • 0 vapour earned by tbe eihaun gas per kilogram of total exhaust gas: 
|iv) tbe temperature to whkli tbe gas must be coded before condensation of the H,0 
vapour begiiu, if the pressure m the exhaust pipe is I ill 3 bar. 

(1431/1; 104%; 0.088 kg/kg; 527 °C) 

74 A quaatity of coal used ia a boikr had (be following analysis: 82% C; 5% H; 6% 0; 
2% N; 5% ash. The dry flue gas analysts sbowod 14% CO, and tome oxygen Cakulaie: 
(1) the oxygen contcat of the dry flue gat: 

(n) ihe A/F ratio and the escess au supplied. 

(5.52%; 14.29/1; 314%) 

7.10 For the muiure of Probkra 74 caleulate tbe ealohfle value per cubic metre of mixture 
ai lJ)l3baraod3B'C.Tbecalonflcvaluaof beoxsneis40700kl/kg. 

(3.73 MJ/m*) 

7.11 The lower explosive limit of ethyl ikobol in air b 3.56% by volume at a prenurt of 
1013 mbar. If tbe pressure in a room is 1013 mbar cakulau the lowest temperaiure at 
which (he explostve flttxtiire would be formed. Wbat quantity of ethyl alcohol in litres 
would be Deeded in a room of volume 115 m* to produce this mixture. The ipeciflc 
gravity of liquid ethyl akohel ts 0.794. Dee (he dau of TaMe 7.14 for this proWem 

(n.73X; iaJ5/l) 

7.18 The producu of combustion of a hydrocarlwn fuel, of caiboo lo hydregea ratio 0.65:0.15, 
are found (o be CO, 8%. CO 1%. O, 8.5%. CakuUte ibe A/F ratio for the process 
by (WO methods and hence check the cotmneney of the data. 

(23,70, 23.531 
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Combufden 


T.1S A iioicluoiMCnc mixiiiR ol CO aim! uf was bunted AdiAbuticAO)’ Al coosunl volum 
ABd At the peak presuR of b«r the (empertture was 2469 *C; Aulysis showed the 
volume of CO prcecat in the products to be 0.192 of the vcdume of CO supplied. Show 
bycAlculAOB|tbeequilibnuai cottsuoiforCO * ^Oj^COiihitthedhttAreconsiHenL 
Tlw value ofln K* for this cociioe at 2600K is X800 sod Al 2S00 K h is im 

7.1 4 Tbe products of a fuel whett moAiced M a hi|h tcraperciuR pave the followln | analyw; 
9.27% CO,; 4.00 H CO; 14.20% H,0; 090% H,; 71i>J% N,. UsiDBApprepriaie values 
of cqwlibriufB consiaats from ubla such as those of ref. f J, esiimale the lemperaiuR 
Aud preewce of the prodoett 

(2800 K;».31 bar) 

7.18 A stotchioinetrk miiture of benme (C«H«) and air ei irtduccd into an en|ine of 
voluneihc eemprcssaon riuo 8 to I. The pressure iftd temperature at the betinnlnf of 
conpreasioi) are 1 bar and 100 *C. Tbe estimated maiimum leotperaiure reached, 
allowiflf for dissoeiatioo, after adrabaric cooibustioo at constsat volume is 2727 ”C sad 
at this temperature tbe standard equilibrium constanu are 

*”.*»**'’.-iJO* !2<2i2.7Ju 

hcofao.r FH^Pro, 

Show that about 74.4% of the carboa tn the fuel is burned to CO, and calculate the 
iDAXimum preauR Racbed 

(41.7 bar) 

7.10 The colhAlpy ofcombusdoD of pcopanc gaa, C,Kb. al 2S 'C with the H ,0 m lbs products 
is tbe liquid phase ■ ~50340U/k^ CalculaR the eothalpy of combustion with the 
H 2 O in the vapour |Aass per unit mass of fbd mH pouah araouat of substance of fuel 

(-46364 V/lf. -2040030 U/kmol) 

7.1 7 Cakulatc, (or propane liquid, C^H,. at 25 *C tbe enthalpy of coabusikm with the H^O 
m ilie prodacu b the vapour phaaa Use the data ofProbkra 7.16 and take Iq, at 25 *C 
(or propane as 372 kJ/kp. 

(-45992 kJAi) 

7.18 Cakulate the iaicrsal cuugy of CDAbosttoo pe unit man of propane vapour. C|H|, 
at 25 *C wiib the HjO in tbe vapour phase from ibe eorresponding value ot 
Ah*. -46364U/kf. 

(-46420kJ/kp) 

7.18 Cakulatc tbe inierfia] eneriy d eombustioB per unh mass for gaseous propane. C,Hb. 
at 25*C with tbe K^Oofeombuitioa ia ibe liquid phase from (be cortctpondini value 
of Ah* - -S0360kJ/kg. 

(-50191 kj/k|) 

7J0 Cakulatc tbe latcmal enetfy of cnobusuoo per unii mass for Bquid propane. C,K|, ai 
25 *C with the of eoahusiioo in the vapour pham from the conespondini value of 

A/r*. -45992 U/kg. 

(-46105 U/kg> 

7.21 aX* for hydrogen at 60*C is given as - 242400 U/knoL Calculate AJC* at 1950 *C 
given that the molar eotbalpsa of the gases conc er ned an as in TaMc 7.15. 

(-252087 U/kmol) 

721 A stoiehionetrk muture of hjefrogen and air al 25 'C b ignited and combostioo takes 
adiabatially ai s msttnt preisuR of I bsr. Afi* for hydrogen at 25 *C with tbe 
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ntfvmtoM 


Table 7.15 Molar 
enthaipbi of gases 
for problem 7.21 

Cu 

Mobr eolhalpy Hhi-kmol) 

60X 1950 X 


H, 

9492 

692SO 


0. 

9W 

76 500 


K,0 

II 147 

04620 


KjO n» liquid phu* 'a -2MOOO kJ^kmul. CtlcuSi(e> Qr$lecii&| clun|ei is kioeiic 
eneryy. and luitif th« taWs ol reC T6: 

(i) ibc tenpmture rcacbed If the proct M li assumed to be adiabatic and dinodation 
b oe^ei.'ted; 

In) the temperature readied after adiabauccocnbuftion if (he consliluenu are H]« Oj, 
HjO.andN). 

At 25 X A,, for H,0 is 244UkJ, k| 

(2254 "C; 2200*0 

7^ Octaoe vapour. CaH|g. b to be burned in air in a itcady'Aow process. Both the fuel 
and air are supplied a( 25 *C aod the product tanperalure b to be 760 *C. Diasodalion 
b neglifibk aod (be beat km b to be taken as 10% of the inaease in enthalpy of the 
products above the r e fer ence icsperature. 

for ociane vapour b •>55IO?941cJ/kmol with the products in the liquid phase. 
Cafculateihe A/F ratio by mass required; A,, at 25X for HjO is 2441.B kJ/k^ Use the 
molar enthalpies in ref, 7,6. 

(4>.2) 

7.24 Calculate the molar enibelpy of reactioo of cBeihane CH«. at 25 *C aod I bar preesure. 
Use Table 7,| I 220) and aisume the HjO of combustion to be in the liquid phase. 

(-l90290kJ/kraol) 

7^ CakuUu (he molar eoihalpy of eombuftioo at 2$*C and 1 bar pressure of a |ai of 
volumeirk analysb 12% K„ 29% CO, Z6% CH«. 04% C 1 H 4 . 4% CO^ aod S2% 
for the KjO m the vapour phase aod 10 the liquid phase 

I - U7 240 U/knol; - M515S kJ/kmol) 
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Steam Cycles 


TTk heat engine cyde is discussed in Cbnpter 5. and it is shown that the 
moil eilicienl cycle is the Cnniol cycle for given tempeniutvs of source end 
sink. This applies, to both gases and vapours, and ibe cycle for a wet vapour 
is shown in Fig. 8.1. A brief summary of the essential features is as follows: 

4 to I: beat b supplied at constant temperature and pressure. 

1 to 2: the vapour eipands isentropically from the high pressure and 
temperature to the low pressure. In doing so it does work on the surroundings, 
which is the purpose of the cjde. 

2 to 3: the vapour, which b wet at 2, has to be cooled to state point 3 such 
that isenlropic compression from 3 will leium the vapour to its origna] state 
at 4, From 4 ibe cycle is repeated. 

The cyde described shows the dilTerent types of processes involved in Ibe 
compleie cycle and the changes in the ihcrmodynamk properties of the vapour 
as it passes through the cyde. The four processes are [diysically very different 
from each other and thus they each require particular equipmeot. The heat 
sup[4y, 4-1, can be made in a boiler. The work output. 1-2, can be obtained 
by expanding the vapour through a tuibine. The vapour b condeased, 2-3, in 
a condenser, and to raise the pressure of (he wet vapour. 3-4, requires a pump 
or compressor. 

Tbusthecompooenisolthe plant are debited, but before these are discussed 


Fig gl Csmoi cyde 
for s wn vapour oa a 
T-s diagram 




9,1 Tba flankln* qyoJs 


further, the dehciescies of the Carnot cycle as the ideal cycle for a vapour must 
be considered. 


8.1 Tha Rankina cycia 

It is stated in section that although the Carnot cycle is the most efficient 
cycle, ib work ratio is hi«. Further, there arc practical diRkuhies in roUswing 
ii Consider the Carnot cyde for steam u shown in Fig. 8.1:at state} the steam 
is wet at T] but it tsdilBcult to si<^ condensaiion at the point} and then compress 
it just to state 4. It is more convenient to allow the coodeniation process to 
pro ceed to completion, as io Fig 8.1 The working fluid is water at the new 
state point 3 in Fig 8.1 and this can be coDvenlenlly pumped to boiler pressure 
as shown at slate point 4. The pump has much smaller dimensions than it 
would have if it had to pump a wet vapour, the compre s sion process is carried 
out more efficienlly, and the equipment inquired is simj^er and less espensive. 
One of the features of the Carnot cycle has thus been departed from by the 
fflodificalion to the condensation process. At stale 4 the water is not at the 
salurntioD tempe ra ture corresponding to tbe boiler pressure. Thus heal must 
be supplied to chao^ the state from water at 4 to saturated water at S: this is 
a constant pressure process, but is not at constant temperature. Hence the 
efficiency of this modified cyde is not as high as that of the Carnot cycle. This 
ideal cycle, which is more suitable as a criterion for actual steam cycles than 
tbe Carnot cycle, is called the ifunkine cycle. 

Fig 81 Rankinecyde 
using wet steam on a 
T-s diagram 



The plant required rorlheRankinecyde is shown in Fig. 8.3, and the numbers 
refer to the slate poinb of Fig 8.1 The steam at inlet to the turbine may be 
wet. dry ssiuraied. or superheated, but only the dry saturated condition is 
shown in Fig. 8.2. The steam flows round the cyde and each process may be 
analysed using the steady-flow energy equation: changes in kinetic energy and 
potential energy may be neglected, then for unit mass Row rate 

0 4 H’ W dh 

Each process tn the cycle can be considered in turn as follows. Boiler: 

0^,1 -HF-h, -h. 


25S 



8tt*m CydM 


FIf. 8J Buie itun 
plwi 


Bouada/y 



Therefore, siAce IF « 0, 

( 8 . 1 ) 

Turbine: the eipanaon b adiabatic (Le. Q = 0), and iKnlropic (in. e, “ ij), 
and A] can be calculated uaing Ibb latter DtcL Then 

C., + W„ = A,-fci 
therefore 

or Work output. - H',, - h,-h] (8.2) 

Condenser: 

Therefore, since W ^0 
Qi> •hi-hf 
(buefore 

Heat rejected in condeiuer. A) - (8.^) 

Pump: 

Cra + W,. - h. - h, 

The compression is isealropic(i«. s, •SaXand adiabatic I i.a Q • OX Therefore 

La Wotk input to pump. W,a ° A4 - A, 18.4) 

This is the feed-pump term, and as it b a small quantity in comparison with 
the turbine work output. Ifi^- b b usuall> neglected, especially when boiler 
pressures are low. 

Net work input for the cycle £ W ^ W,j *■ W,, 
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1.1 The Renhine cyde 


or N«l work ouipui, -h,) -(It^ - Aj) 

Or, if the ked-piunp work is neglecled. 

Net work output, - A, - A, 

The heat supplied ia the hoilet. Q.s, •• A, - A^. Then we have 

_ .. _ . net work output 

Rankiae erltacDC)'. ita ■ --- — ' . .. 

heat supplied in the boiler 

(A) - A)J - (A4 — Aj) 


At 


A« = 


A.-A. 

|A, — Aa) — (A* - A 4 ) 


(Aj - Aj)-(A. - A,) 

If the feed-pump term. A 4 - A,, b neglected equation 118) becomes 
A,-A, 


At = 


A.-A, 


(8-5) 

( 8 . 6 ) 

(8.7) 

( 8 . 8 ) 

(8.9) 


When the feed-pump lem is 10 be included it b necessary to evaluate the 
quantity, 

From equation (B.4) 


Fump work - s A 4 — A^ 

It can be shown that lor a liquid, which is assumed to be incompressible (i.e. 
1 ' » constant), tbe increase m enthalpy Idr isentropic compression is given by 

(A. - A,) - ripu -pj) 


The proof is as follows. Fora ccversibleadiabalic process, from equation (3.15), 
dQ w dA — r dp w 0 
therefore 


dA w r dp 

r* r* 

i.e. j dA w j r dp 

For a liquid, since r is appcosimately constant, we have 

A.-A,-cj dp»r(p.-p,) 

i.e. A. - A, = e(p. - p,) 
therefore 

Pump work input = A 4 - A, w rip. - ps) ( 8 .I 0 I 

where r can be taken from tables lot water at tbe pressure p,. 
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Tbe ifietncy raio of • cyde it Ihe ratio id the actual cfflcieDCy to the ideal 
cfBcKBcy. la vapour cycka Ibe eSdoicy ratio eomparei the actual cyde 
cfficKBcy to the Rankiiie cyde effieieocy. 


U. 


ESdeocy ratio 


cydedHaeacy 

Roakiaeefldeacy 


( 8 . 11 ) 


The actual eipaniiOB proecai it inavtniMe, ai ibown by liae 1-2 in 
Ftp. 8.4. Similttty the actual comprenioo of the water it irrevenibie, u indicated 
by line 3-4. The iitntnrk tgiOtncy of a proeeu it defined by 


. _ . actual work 

ItentropK eSdeacy •- 

iteattopK work 


for an expansioa proceat 


Fli. 44 Rankioe cycle 
thowing reel proc eitet 
on t r-t dtejrtiD 



and 

. . _ . aentropic work , 

Itealro^ emdeocy =- - - for a conpceition proceti 

actual work 

Heoce 

— W h — h 

Turbine bentropic elRoency -—^“7 ^—(*•**) 
— W^2M "i ” fin 

It hat been itatcd that the effidency of the Caraol cycle it the maaintuin 
poniMe. but that the eyck bat a low work ratio. Both cfflciency and work ratio 
are criteria of perfotmaocc By the definition of work ratio in teclion 3.3, 

. netwotkoutput 

iron work output 

Another criterion ct performance in steam plant it the specie ueam 
commptioii (ttcl It relates the power output to the steam flow necessary to 
produce iL The steam Row indicates the size of plaol and its component parts, 
and the ssc is a means whereby tbe relative sizes of dilTerenl plants can be 
compared. 

The ssc is the stenm fie*., required to develop unit power output. The power 
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1.1 Tb* A«nlUn» Cftt% 


oucput is HC ihenfore 
m 1 

-gw 

Negkctiog the liml pump work we have 




iherefon 


(8.14) 


Note that when A, and 8} are eaprcased in kilojouks per kilogram theo (he 
units of SIC ace kg/U or kg/kW h. 


Eximpla 8.1 A ileatn power ptaol operates between a boiler pressure of 42 bar and a 
condenser pressure of 0D3S bar. Calculate for these limitB the cycle eflicienc)', 
the work ratio, and the specific steam cotisumptioa: 

(i) for a Carnot cycle using wet iieam; 

(ii) for a Raakioe cycle with dry saturated steam at entry to the turbine; 

(iii) foTtheRaiiktaecycleof(ii),wbentheezpansiocproceasbasaoiseDtropic 
efficieiicyo(80%. 

Solution (i| A Carnot cycle is shown in Fig. 8 


Fig U Carnot cycle 
for Esaniple 8.1(a) 



T, • saturation temperature at 42 bar 
• 283.2 4- 273 - «&2 K 


7^ m saturation lemperatiue at 0.03S bar 
- 26.7 4 273 - 299.7 K 


Then from equatioa (5,1) 

T, - T, 5262 - 299.7 
" T. ” 5262 


0432 or 43.214 
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Stwm CyclM 


Also Heal sup^^ied » A, ^ a( 42 bar » t69& kj/kg 

,^_,NCworkou.pu^-^tt-_ 
Crotihaiwnitied 
Therefore - Jlf-CMOl k IM8, 
i.e. Net woA oulpul, -^IV-THU/Itt 


To find ihe gross work of the eipansion process it it necetsar> (o calculate 
A], using Ihe laci that t, • Sj. 

From lahlcs 


A,-2800U/kg and s, - s, • 6.049 kJ/kgK 
Using equation (4.10) 

S, • 6.049 > 1,, 4 iis^, -0.391 -f X 26 I 3 
therefore 




6049-0391 

8.13 


0.696 


Then using equation 12.2) 

A, - A,,II2 + (0.696 a 243SI- I808kj/kg 
Hence, from equation (8.2) 

-14'j = A, - A, = 2800 - 1808 = 992 U/kg 


Therefore we have, using equation (8.13), 

. net work output 734 

Work ratio -:—- — 

grossworkoutput 992 


0739 


Using equation (S.I4) 


I 

734 


ia. stc-0.00136kg/kWi 
- 4.91 kg/kW b 

(11) The Rankine C}ele is shown in Fig. 8.6 
As in parlfi) 

A,-2800kJ/kg and A,-l806kJ/kg 
Also. h,-A,ata033baf112kJ/kg 
Using equation (8.10), with v - rr at 0035 bar 

10 ’ 

Pump work — tvlp* — Pi)” OOOl x (42 - 0033) * 


-4.2k3/kg 
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Fig. 8.6 T-i diagram 
for Eiample A.lib) 


8.1 Tha Ranklna eycia 


Fl|. T-t ditfum 
for Eximple life) 



Using cquaiion (U) 

-k, •2800- 1808 • 992 U/kg 
Then using equation (8.8) 

(li.-M-CA.-Ail 992 - 4.2 
' “(A,-*,)-(*.-*,("(2800- 112)- 4 . 2 " 
ns * 36.8S 
Using equation (812) 

, nelworkoutpul 992-42 „ 

gross work output 992 


Using equation (8.14) 

iq. sK-^^^jl.^^-0.00101kg/kWs>2.64k8/kWh 

(iii) The cycle with an irreversible expansion process is shown in Fig g.T. 
Using equation (8.12) 

Iseniropic efficiency • . *1* . • . ■ 
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SCMm Cyelw 


ie. - 0.8 k 992 - 7916 k)/k| 

Tbea tbe cycle eflideiicy i> given by 

Cydeefflciency<*‘-*»>-<*»-'-»> 
grou hcAt luppliM 

W-6-0 

“(2l(»-ll2)-4.2" 
i.e. Cycle efficiency - 29.4H 

Wotk cetio - ~ ^ , 

-H',, 793.6 


• aool 267 kg/kW t - 4.S6 kg/kW h 


The fixd'pamp term has been included in the above calculaliooBt but an 
inspection of the compaialive values shows that it could have been neglected 
wiAout haring a noticeable efieci on the results. 


It it instructive to carry out these cakulations for dilfereni boiler pressures 
and to represent the resuhs graphically against bcnier pressure, as in Pig 8.8. 
Aa the b^r pressure increases the spedfic enthalpy of vaporization decreases, 
thus lest beat u transferred at the meiimiini cyde temperature. Although the 
efficiency inctettet with boder pressure over the firii part of the range, due to 
the masimum cyde temperature being raised, it Is affected by the lowering of 
the mean te m p e rature at which heat ia tra ns ferred. Therefore the graph for thia 
efficiency ritea, readies e maximun, and then falls. 


Fig. U Steam cycle 
ellidency aad ipcdAe 
rteam coasumption 
a|ainil boikr pressure 
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8.2 Rankin* eyct* with aupwriwat 


FIf. 1.9 Steftm plAflt 
witha iupa>lieattt<a) 
md the eycle op ■ T-s 
dlainun (b) 


The average temperature il which beil is supplied in the boiler can be increased 
by supeibeaQoi the steam. Usually the dry saturated steam from the boiler 
drum is passed through a second o( smaller bote tubes within the boiler. 
This bank is silualcd such that il is heated by the hot gases from the hmace 
until the steam reaches the required tempertiute. 

The Rankioe cycle with superbeal is shown in Fig 8.9(a) and 8.9(b). 
Figure 8.9(a| includes a sitem receicer which can receive steam (tom other 
boilers. In modern plani a receiver is used with one bmler and is placed between 
the boiler and the turbine. Knee the quantity of feedwater varies with the 
different demands on the boiler, it is necessary to provide a storage of condensate 
between the condensate and boiler feed pumps. This storage may be other a 
surpr tonil or hot well. A hot well is sbotn dMisd in Fig 8.9(a). 




EKampIn 8.2 Compare the Rankioe cycle performance of Example 8.1 with that obtained 
when the steam is superheated to SOO'C Ncgkct the feed-pump work. 

Solution From tables, by inlerpolatioa. at 42 bar: 

h,-M4ZdU/kg and s,-r,-7.06dU/kglC 
Using equation (4,10) 

s,-s,,-fx,s^ therefore a391 4 X,8.13 • 7.0M 
i.e. X, • 0821 
Using equation (3J) 

fb • + x,h^ - 112 + (0421 a 2438) - 2113 kj/kg 

From tables: 

A,-ll2kJ/kg 
Then, using equation (84) 

-IF,, • A, ~ A, • 3442.6 - 2113 - I329.6U/kg 
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Neglecting the teed^pump lerm. we beve 

Heat supplied - - 112 - 23?0.6kJ/kg 

Using equation (8.9) 

Cyd« cSciescy • J9.9% 

fli " ij 3330.6 

Abo, using equation (8.14) 

ac m . 0.000752 kg/kW i . 2.71 kg/kW h 

n| « ft| 1329.6 

Tb< cycle cAcieocy h*< incRued due lo (uperheeting and the improvement 
in specific steam coasumptioa is even more marked. This indicates that for a 
given power output the (riant using superheated steam will be of smaller 
proportions than that using dry saturated steam. 


The condestser heat loads for diflereoi plania can be compared by calciilatuig 
the rate of heat removal in the condenser, per noil power output. This is given 
by the product, ssc k ih,where (ft, — h,) is the heat removed in the 
coedenwbylbecooliiigwater.per unit mass of steam. Compaimg tbecandenseT 
heat loads for (he Rairidne cy^ of F.vmpi.. g.l and gj, we pave with dry 
saturated steam at entry to ttsrbiiie. using the results from Example S.lfii): 

Condenserbeatload = 0.00101(1808- 112) 

- 1.713 kW per kW power output 

With suiierheated steam at entry to the turbine, using Ibe results from 
Example 8J: 

Condenser heat load > 0X100752(2113 -112) 

• 1.505 kW j>er kW (sower output 

For given boiler and condenser presiuree, at the superheat lemperaiure 
ittcrcaaes, the Rukine cyde efficiency incteasea, and (he tpedfle steam 
contumptlon decreases, at shown in Fig. 8,10. 


Fig. 8.10 Sleaie cycle 

efficirncy lad s[seaftc 

steam consumplien 
against steam 
lemperaiure it turbine 
entry 





8,3 Th* •Rtrvtl^**nTropv fihftrt 


There h a praciical ad^auia^ in using superheated steam. For the data 
of ih« Rankine cycle of Eiamples 8.1 and 8Z the steam leaves the turbine with 
dryaesi fractions of 0.696 and 0821 respectively. The p r es e nce of water during 
the espaniioo is undesirable, since the droplets are denser than the remainder 
of the working Auk) and therefore havediAercnl Aow characteristics. The result 
is (he physical erosion of the turbine blades, and a reduction in isentroplc 
efAciency. 

The modern tendency is so use higher boiler pressures, and a comparison of 
cycles on (he T-s diagram shows (hat fora given steam temperature at turbine 
inlet, the higher pressure jdant will have the wetter steam at turbine exhaust 
(see Fig. 8.11 in which pi > Pil It is usual to design for a dryncu fraction of 
not less than 0.9 at the turbine exhaust. 


Flg.t.U T-s diagram 
showing the effect ^ a 
higher boiler prenure 
on the steam condition 
in the turbine 


r 



8.3 The enthalpy-entropy chart 

la cbts ebapMfy and io laief we ire cooceraed with changes in enthalpy. 
U h convenieai ta have a chan on which enthalpy Is (dotted against entropy. 
The chart recommended is that of ref. B.l. which covers a pressure range 
of OX)l-1000 bar. and tcrepcrelutts up to BOOX. Lines of constant dryness 
fnctioo are drawn id the wei regioa to values less than 0.5, snd lines of constant 
temperature are drawn in the superheat region. In general h-s charts do not 
show values of specific volume, nor do they show the enthalpies of saturated 
water at pressures which are of the order of those experienced In steam 
eoadensers. lienee the chart is useful only for the enthalpy change in ihe 
expansion process of the steam cyde; Ihe methods used in Examples B.l and 6.2 
are recommended for problems on the Rankine cycle. 

A sketch for the h-s dsarl b shown in Fig. 6.12. Lines of constant pressure 
are indicated by Pt.Pi, ale.: hoes of c<Misian( temperature by T,. T^, etc. Any 
two independent properties which appear on the chart are sufficient to define 
the slate (e.g. p, and x^ define stale A. and can be read off the vertical axis). 
In the superheat region, pressure and (emperaiure can define the state te.g. pj 
and 7^ define tbc state B. and hg can be read off).of constant entropy 
between two state points B and Cdebnes (he pr at ull points during an 
isentropic process between (he two slates. * 
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8.4 The reheat cycle 

It is desirable to iAcreose the average tempeniure at which heat is supplied to 
the steam, and also to keep ibe steam as dry as possible io the lower pressure 
stages of the turbine. The wetness at eihaust shmU be no greater than 10%. 
The considerations of section 8.2 show that high boiler pressures are required 
for high effWieocy. but that expaosioo in one stage can result in exhaust steam 
which is wet This is a condition which is improved by tupertteaiing the steam. 
The exhaust steam eondiiion can be improv^ most effectively by reheating the 
steam, the expansions being carried out in two stages. Referring to fig. 8.15, 
I 2 represents iseniropic expansioo io the high.pressure turbine, and 6^7 
represents isentropic exponsioa in the Jow*pressure turbine. The steam is 
reheated m constant pressure in process 2*6. The reheat can be carried out by 
returning the steam to the boiler, and passing it through a special bank of tubes, 
the reheat bank of tubes being situated in the proximity of the superheat tubes. 
Alternatively, the reheui may take place .in a separate reheaier situated near 
the turbine: this arrangement reduces the amount of pipe work required. The 
use of reheat cycles has encouraged the development of higher pressure, forced 
circulation boilers, since the specific steam cunsumption Is improved, and the 
dryness fraction of the exhaust steam is increased, 
analysis is as follows: 

V Meat supplied ^ Q4i, + 
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Flt.&i3 T-A diagram 
ihowing a leheai smm 
cycle 



Neglecting (he fecd*puinp work 

Omi -*I -*) 

Also, for ihe reheai process 

Cj« ” *» - 

Wori output s - ll'i] — 
and -H'lj = *,-*, and -Hi, 

Cydecfficiency = — 

C«. + Cj. 

— ~ ~ A,> 

(A, — Aj) + (A* — Aj) 

Example 8.3 Cakubtc the new cycle efficiency and spedAc steam consumption if reheat 
is included in Ihe plant o( Example 8.2. The steam conditions at inlet to the 
turbine are 42 bar and SOO'C. and the condenser pressure is 0.035 bar as 
before. Assume that the steam is just dry saturated on leaving the hisl turbine^ 
and is reheated to its initial lempcralure. Neglect the feed-pump icrm. 

Solution The cycle is shown on a T-s diagram in Fig 814. 


Fig. AN T-r diagram 
lor Example 8.3 
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El is coAxtnicaE to read oET iIm vaEues of eothalpy Crom ibe k-s cban, i.e. 
k, 9 3442.6 lU/kg: k, 9 27l3kJfkg (al 2.3 bar); k, - 3487 U/kg {b( 2.3 bar 
andSOO°C); k, = 2S33k3.«kg 
From lablej 

kj>n2kJ/k| 

Then TurUnework * (k, * k^) + (k^ — k?) 

- (3443 - 2713)4 (3487 - 2333) 
lit. TurbiMwork* l682kJ/kf 

Heal supplied •• (k, - k,| 4 (k, •- k,) 

-(3443- 112 ) 4 ( 3487 - 2713) 
i.e. Heal supplied — 4103kJ;kg 

ihcrefoie 

Cycle eRicieocy - — 0.41 or 41% 

' ’ 4105 

Also SSC- — -0.00039Skg/kJ 

1682 * 

Le. ssc = 2l4kg/kWh 


Comparing (bese answers with the results of Example 8.2 it can be seen that 
the specific steam consumption has been improved considerably by reheating 
(i.e. r^uced from 171 kg/kW b to 2.14 kg/kW hk Tbe effidency is greater (i.& 
increased from 39.9 to 41%). The cycle efficieDcy will be increased by 
reheating only if the mean temperature of tbe- heat supf^y is increased; this 
wQJ not be the case if the reheat pressure is loo low. 


8.5 Th« regenoratiwa cycle 

In order lo adiieve the Carnot efficiency il is necessary (o supply and reject 
heat at single Rxed temperatures. One method of doing this, and at the some 
lime having a work ratio comparahle to llie Rankine cycle, is by raising the 
reedwaler to the saturation temperature corresponding to the boiler pressure 
before It enters the boiler. This method Is not a piaclical proposition, but is of 
academic inleresi. The feedwater is passed Irom the pump through the turbine 
in couoier-flow to ibe steam, os shown in Fig R.IS(a|. Tbe feedwater enlen 
the turbine at ij and is healed lo the steam temperature at inlet to the turbine 
If al all points the temperature difference between the steam and the water is 
negligibly small, then tbe Eieal transfer lakes place in an ideal reversible manner. 
Assuming dry saturated steam at lurbme inlei. the espandoD process a 
represented by line 1-2-2’ in Fig 8.13(b). The heat rejected by the steam, area 
I2S6I, is equal lo llie heal suppled lo the water, area 34783. TTie heal supplied 
in the boilCT is pven by area 41674. and tbe heal rejected in the condenser is 
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Fi^ US Sieam plant 
op«r4iiA| |4) on a 
rt|vnerah>e cycle ai>d 
(b)the cycle on a T-s 
dugram 


given by area >'2’5S3’. Thb rfgenfratfv^ cycle has an efficiency equal to (be 
Camoi cycle, since (he heal supplied and rejected eiieniBlIy ia done at constant 
(emperatufe. 

*n^ti cycle is clearly not a praciical proposition, and in addition ii can be 
seen (hai (he turbine operates with wet steam which is to be avoided if possible. 
However, the Raokine efficiency can be improved upon in practice by bleeding 
off some of (be steam at an intertnediate pressure during the eipansion, and 
mixifig this steam with feedwater whieb has been pumped to the same pressure. 
The mixing process b carried out in a Healer, and (he arrangement Is 
represented in Figs &l6(a) and (bk Only one feed healer is shown but several 
could be used. 



Fig g.16 Sieam pisni 
with {a] one open feed 

heater and tb) the eyrie The steam expands from condition I through the turbine. At (he pressure 
on a r-s dbgrarn corresponding to point 6. a quantity of steam, say y kg per kilogram of steam 

supplied from the boiler, b bled off for feed heating purposes. The rest of I he 
steam. (I - y) kg. completes the expansion and is exhausted at state 2. This 
amount of steam b then condensed and pumped to the same pressure as the 
bleed steam. The bleed steam and (he feedwater are mixed In (he feed healer, 
and (he quanticy of bleed steam. > kg. b such lhai, after mixing and being 
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ExampI* 8.4 

Solution 


pumped in a second teed pump, (he condition is as dedned by state S. The heat 
10 be supplied in the boiler is ihen given by (h| - kJ kg of steam: this heal 
is supplied between the temperatures and T^. 

If ihis procedure could be repeated an inhAhe number of times, then the 
ideal regenerative cycle would be approached. 

U is oecesaary to determine the bleed pressure when one or more feed 
beaten are used, and ibis can be based on the assumption that the bleed 
temperature to obtain maximum efficiency for such a cycle is approximalely 
the ariihmeiic mean of the lemperaiures at $ and 2 <see Fig blh 

i«- >.u.. - (8.15) 


If the Ruikine cycle of Eiamplc 8.1 ii modified to include one feed heeler. 
cakvUte tl>e cycle eliideiKy and the specific steam consumption. 

The steam enien the turbine at 42 bar. dry saturated, and the condenser pressure 
is a03S bar. 

At 42 bar. t, = 253.2'C; and at ao35 bar. t, = 26.7*C. 

Therefore by equation (8.15) 


<6 


253.2 4. 26.7 
2 


140'C 


SeJecting the nearest saturation pressure from the tables gives the bleed pressure 
as3.5bar(tci,> 138.9‘C) 

To determine the fraction y. consider the adiabatic mining process at the 
feed healer, in which y kg of steam of enthalpy h.,mii wiih(l - y) kg of water 
of eoihaJpy h,. to give I kg of water of enthalpy h,. The feed pump can be 
neglected fie. h, - h,). Therefore 

>’h. + fl — ylh. • h, 

U. *1-*.,*.-*, 

h,-h. 

Now. A, >584U/k|: A, •Il2k)/k|: and >,> i. > s, > 6.049 kj/kg K. 
Therefore 


,..‘£«^,a829 


BOd X] 

Hence 


5.314 
6.049 - 0J9I 
8.130 


.0696 


and 


270 


A, • )^ 4 XtA^ « 584 + (0.829 k 2148) • 2364 kJ/kg 
Aj-A,,+ X:A^-I12 4.(0.696 x 2438)- )808kl/kg 
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ihetefore 

> 


584-11? 
2364- 112 


0.21 kg 


Ncglccllng lh« secood lixd-pump lerm (i.e. k, m k,), we have 
Heal supplied in boiler - (A, - A 7 I- 2800 - 584 
•22l6U/kg 

Total work output - W" » - ir,. - = (k, - k»| + (I - pllk^ - k,) 

U. Workoulpul-12800 - 2364) +(I -021)12364- 1808) 

• 826 kJ per kilogram of steam delivered by the boiler 


Thererofe 


- 1 -W" 876 

Cycle efficKoey.-^- — 


ssc- — - 0001 142kg/U . 
876 * 


■ 0.396 or 39.6K 
4.11 kg/kWh 


Comparing these results with those or Esample 8 . 1 , it can be seen that the 
addition of one teed heater has increased the cycle eRtciency from 36.8 to 
39.6*.^. but ibe spedBc steam consumptioo has increased from 3.64 kg/kW h 
to 4.1lkg.'kWh. The cycle effkaency continues to be increased with the 
addition of further heaters, but the capital expenditure is also increased 
considerably. Because of the number of feed pumps required, the heating of the 
feed water by mixing is dispensed with and closed hraiers are used. The niclhod 
is mdicated in Fig 817 for two feed heaters, but the number used could be as 
high as eight. Referring to Fig 8.17, the feedwater is passed at boiler pressure 
through the feed healers 2 and 1 in series. An amount of bleed steam, >'i, is 
passed to feed healer I. aod the feedwater receives heat from it by the transfer 
of heal through the separating tubes. The condensed steam is then throttled to 
the next feed heater which is also supplied with a secood quantity of bleed 
steam, y^, and a lower temperature beating of the feedwater ii carried out. 
AAct passing through the various Iced heaters the condensed steam is then 
fed to the condenser. The temperature differences between successive healers 


Fl|. 8.17 Steam plani 
with two doted feed 
hesiirs 
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an coDsuat, and lO ihe ideal cate the heating proceas at each is conudeicd to 
be complete (U. ibe feedwater leaves tbe feed bealer at the icmperaiure of the 
bleed steam supplied to it). 

Cxampla 8.6 In a regeoeralive steam cyde employing two dosed'leed beaten the steam 
is supplied to Ibe turbine at 40 bar and S00*C and is exhausted to the 
condenser at (LOMbar. Tbe intermediate Meed pressures are obtained sudi 
that tbe saturation temperature intervals are approximately equal, pving 
pressures of 10 and 1.1 bar. 

Calculate the amount of steam bkd at each stage, (he work output of (he 
plant per kilogram of boiler steam and Ihe cyele efficiency of (he plant. 
Assume idea] processes where required. 

Solution Referring lo Fig 8.17 and the F-s diagram of Fig 8.18. from uiblea: 

A, > 344S.8IJ/kg and s, « 7.089 kj/kg K > s, 


Figgis T-rdiagram 
for Example 8.5 



At state 2. 

a39I 4-1x2 X 8.13)-7XI89 
therefore 

X2.^.Ck824 

’ 8.U 

i.e. Aj- 112-4 (aB24 x 2M8| - 2117 U/kg 
Also A,-A, at 0.0)5 bar-112 U/kg 

For thefini stage of expansion. 1-7. st -Si - 7.089 kj/kg K. and from tables 
at 10 bars, < 7.089. hence the steam is superheated el state 7. By interpolation 
betsrcen 250 and JOO'C ar 10 bar we have 


A,-2944-t- 


^ 7.0g9 - 6.926 '\ 
\7.I24-6.926/ 


1(3052 - 29441 - 2944 -4 x 108 
0.198 


i.e. A, = 3032.9kJ/kg 
For tbe throttling process, 11 -12. we have 
A,-A,, = A,2 = 763kJ/kg 
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ForlheKCO[Klsugeof«pansi<H>.7-t.S7 = <a = i, = 7.089 kJ/kg K. and from 
tables al 1.1 bars, > 7J1S9 kj/kg K, hence the steam iswelat slate 8. Therefore, 

IJ33 + (x, X J 994) = 7 089 

therefore 

x,>096l 

i,e. h, • 429-t-(0.961 x 2231) - 2391 kJ/kg 
For the ihroitUag process. 9-10: 

A,-A.-k„.429U/kg 

Applying an etsergy balance to the firsl feed healer, remembering that there is 
no work or heal iransfer: 


>,*, + A,-y,k,, 4-Aj 

A. - Aj 763 - 429 


71 ' 


■ 0.147 


A,-A„ 3032.9 - 763 

Similarly for tbe second healer, taking A« e A^: 

yjA, + y, A,2 + a. - a, + (y, + yjIA, 

ti Jj(h. - A,)+ y,A,,+A 4 - As + y,A, 

y,(2591 - 429) + (0147 x 763) + 112 = 429 + (0147 x 429) 
IberefoK 


267.8 


0124 


The heal supfdied to the boiler. Q^, per kilogram of boiler steam is given by 
e. _ A, - A, - 3445 - 763 - 2682 kJ/kg 
The work output, neglecting pump work, is given by 

- W - (A, - A,) + (1 - y.KA, - A.) + (1 - y, - y,)(A. - A,) 
-(3443 - 3032.9) (I -0147)13032.9 - 2391) 

+ (1 -0I47-0124)(2S9I -2117) 

• 412.1 4 3769 * 343.3 - 1134.3 U/kg 
~ w itu i 

Then Cycle efhcieocy • « a423 or 413% 

2682 


$.6 Further considerations of plant alViciancv 

Up io now the consideraiUms of effkiency have been based on ihe heat which 
is actually supplied to tbe steam, and not tbe heat vrbicb has been produced 
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by the combusuoD of fud in the bcMkr. 'Hm beat is traDsferred to the steam 
from gases which are at a higher temperature than the steam, aod the exhauat 
gases pass to the atmosphere at a high t empe r a ture. 

To utiliae some of the energy in the Aue gas an ecoaomirer can be Atted. 
This consists of a coil sitiutcd in the Hue gas stream. The cold feedwater enters 
at the top of the coil, and as it descends it it heated, and continues to meet 
higher temperature gat. For the Camot. the ideal regenerative, and complete 
feed heating cycles, no use can be made of an economizer since the feedwater 
enters the boiler at the seturation temperature corresponding to the boiler 
pressure. 

To cool the Aue gas even further end improve the plant efRciency, the air 
which it required for the combustion of the fuel can be pre-hcated. For a given 
temperature of combustion gates, the higher the initial lemperature of the air 
then the less will be the energy input required. as>d hence teas fuel will be used. 

Planit which have both economizer and pre-heater coils in the boiler usually 
require a forced draught for the Aua gaa. and the power input to the fan, which 
is a comparatively smaU quantity, must be taken into account in Ibe energy 
balance for the plant. Figure 8.19 represents diagrammatically a plant with 
economizer, pre-heater, aod a re-beater. 

The boiler dficieocy is the beat supfdied to the steam in the boiler expressed 
as a percentage of the chemical energy of the fuel which is available on 
combustion, 


ie. Boiler efficiency - (g.,6, 

m,x{GCVorNCV) 

where h, is ihe enthalpy of the steam enicriog the turbine and m, the mass of 
fuel burned per kdogram of steam delivered from (be boiler. 

The Cev and NCV are (he higher and lower caloriAc values of the fuel, 
and the determination of these quantities was considered in Chapter 7. 


Fig 8,19 Steam ^atii 
with economizer ind air 
pre-heater 
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The silt of the boiler, or iu capacity, ts quoted as the rate m kUogran per 
hour at which ihe steam is generated. A comparison is sometimes made by an 
tquicaltm eroponition. w hich is defined as the quantity of steam pioductd per 
unit quantity of fuel burned when the esaporation process takes place from 
and at lOO'C. 


8.7 Steam for heating and process use 

When steam is required for healing or (or a process it may be raised in a boiler 
and used direcily.or passed to a caloriher to beat water which iilhenciteulaled. 
In factory com^eies where power and process steam are both required it it 
usually more dRcieni to use a plant combining both requirements. In reaching 
(he compromise between power and process demands two main possibilities 
are available as discussed bclowt. 


Back pressure turbine 



F%.S.20 

Back'preaure turbine 
for process steam 


Tbe turbine works with an exhaust pressure which is appropriate to the process 
steam requireoienis; the steam leavmg the turbine is not conderrsed but is passed 
to (he process. A typical example is shown in Fig. 8.20. 

One of the disadvantages of (he back pressure (urbine is that if (he demand 
for process steam falls off but (be power requirement is unchanged then some 
steam must be blown off to waste at tlie process steam pressure. If tbe power 
requirement increases with Ihe process demand unchanged then excess povrer 
requirements can be bought from the grid. If the power requirements falls off 
with tbe process demand unchanged (he best solution is to arrange to sell excess 
power to tbe grid. 

A back pressure turbine used for process steam is suitable for high values 
of the ratio of process energy to power, say 10 or above. 



Fig. 1.21 Pastsrul 
turbine for process steam 


PaM-out turblna 

Steam ia bled from Ihe turbiiseai some point or points between inlet and exhaust 
and is passed to process worit. A lypi^ example is shown in Fig 8.21 
In this system the boiler supply conditions and the condenser pressure can 
be fixed and the process steam load siried by varying (he mass How rale of 
process steam bkd off the turbine. If the rale of process steam flow is much 
less then the design veltie then the excess power generated by Ihe second stage 
expeuioD can be solid to ihe grid; aliematively process steam can be blown 
olTor the boiler operated at part load, but both of these alternatives are wasteful 
of energy. If tbe power requirement falls off with the process demsnd unchanged, 
the beat solution is to sell (he excess power to the grid; a more wasteful solution 
is to blow off excess steam at tbe bleed point to reduce the power from the 
second stage of expansion. If (he rate of process steam demand inereates above 
(be design value (be best solutiott is to use a stand'by boiler to raise (he excess 
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Ham direct. Tbe pus-out turbine syslent for sntisfying process snd power 
tequiretnents is most suiuble for low process energy to power ratios^ say in the 
range from 4 to 10. 

When tbe process steam energy to power ratio fails below about 4 it becomes 
mote efficteni to generate power and steam for piocess use separately. 
Heat-power ratios using various prime movers are discussed in more detail in 
rtf. 7.2. 

ExampIn 8.6 A pass-out two-stage turbine receives steam at 50 bar and 350‘C. At 1.5 bar 
the high-pressure stage exhausts and 12000 kg of steam per hour are taken 
at this stage for process purposes. The remainder is rehaled at 1.5 bar to 
250‘C and ibesi expanded through the low-pressure turbine to a condenser 
pressure of 0.05 ber. The power output from the turbine unit is to be 3750 kW. 
The relevent values should be taken from an h-s chart. Take the isentropic 
cffideney of the high-pressure stage u 0.(4, and that of (be low-pressure 
stage as 0.(1. Calculate the boiler capscily. 

Solution The processes are shown on an h-s cbiR in Fig. 8.22. High-pressure stage: 

Actual work output • x (h, - A^,) 

Ic. (h, - h,) = a(4 X (3070 - 2397) - 565.3 U/kg 


Fig (.32 Processes on 
the a-5 chan for 
Example 8.6 



Low-pressure stage: 

(h, - h.) - X (*j - h^i 

-0.BI x|2973 - 2392)>47a6kJ/kg 


Process steam 8ow 


12000 

3600 


3.33 kg/i 
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Steam Bow through (be boiler - m kg/s 

Steam flow through low-pressure stage - (i6 - 3.33) kg/$ 

Turbine power output » 3750 kW 



ProblMns 


therefore 

Mhi - fcj) + (w - 3.33)(A, - * 4 ) - 3750 
Le, (lA X 565J) iA - 3.33) x 4706 - 3750 
therefore 

5.14 kg/s 

U. Boiler capacity •* IS 500 kg of steam per hour 


Problem* 

1.1 ta) Steam is supplied, dry saiuraied at 40 bar to a turbine aod tbe condenser pressure 
bO 035 bar If the plant opesatesoo tbeRankiaecydcciJnilaie. per kilogram oTiteafn; 

Ht the work output n^lectiag the teed*piaDp work: 

(ii) the Mork lequircd Cm the feed pump: 

(id I ibe heal transfened to tbe coadeaser cooling water, and the aaiounl of cooling 
water required through the condenser ifihe lemperaiure riM of tbe water is assumed 
to be 15 Kt 
(iv> the heat suppKed; 

I v| the Raokine efiiciefKy; 
tvii the ^ceific sieam consumptioii 

(bl For the sane steam condiiiofts calculate the cScieocy and the specific steam 
consumption for a Canor cyck operating with wet steam. 

(7S6 kJ; 4 U; 1703 kJ; 74 kgi 2685 kJ; Hj6% ; 3.67 kg/kW h; 417%; 

4.»kg/kWh) 

6.2 Repeat ProMeni &I|a1 Cora sieara supply cooditbo of 40 bar aod 350*C and the same 
condenser pressure of 0.035 bar. 

(1125 kJ: 4 kJ; 1257 kJ: 10.7 kg: 2971U; 376%; 3.21 kg/kW h) 

U SleajD is suppCicd to a two-suge turbine at 40 bar and 350'C h expands in the Ant 
lurbioe until it b)ut dry saturated, tben it b rt'healed to 350‘C and expanded through 
the second-stage lurbiiw. The condenser pressure b 0.035 bar. Calculate the work output 
and the beat supplied per kilogram of steam for tbe plant, assuming ideal processes and 
neglecting the fecd*pump lem C^culaic also the speciAc steam consumption and the 
cycle dBdency. 

11290 U: 3362 U; 179 kg/kW h; 384%) 

1.4 Tf Ibe eipaDsioa proosies in the lurbuKs of ProUen SJ have bentropk effKkncies of 
84% and 7|% resperusely. in the first and second stages, cakulaie the work output 
and the beat supplied per kilogram of steam, ibe cy^ efficiency, and the specific 
steam coosumptioiL 

Compare the efBocnoes and yectfic steam comumptrons obtained from Probbms 6.1. 
9 . 2 . 8 . 3 . and 84. Compan alio the wetness of tbe staam leavuig the turbiaca cn eaeh 
ease. 

(1028 U; 3311 kJ;3l.t%; 15 k|/kWh) 
(Drynew fractions at condenecr in each case: 0.699.0.761 0.85, and (X94.) 

|.$ A generating station b to give a power output or200 MW. The superheat outlet pressure 
of the boiler s to be 170 bar and the temperature 600 'C. After expansion through tbe 
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fint'SU^ lurtNoe lo a p««isure of 40 bar. 1S% of (be tieam ts eitracted for feed beaiiA^ 
The renuioder ti refaealed at 600'C and k then expanded tbroufh the second turbine 
suge to 8 condenser pressure of 0.035 bar. For prehmicuiry calciUatioru it is assumed 
that the actual cy<ie«tllha'e an dBcteocy ratio of and that the gerteraior mechanical 

and electrwal effickney is 95%. Calculate the masimum continuous raiins of tbe boiler 
to kilograms pee hour. 

(632000k|/h) 

$.1 A steam turbine b to operate on a simple regenerative cycle. Steam is supplied dry 
saturated at 40 bar. and b ethausied to a condenser at 9Xyi bar. The condensate u 
pumped lo a pressure c< 5.5 bar at which it b mised with bleed steam from the turbine 
at 5.5 bar. The resuliini water whicta b at saturation temperature is then pumped to 
the boiler. For the ideal cyde calcviBte. neglecting Gsed*pump work. 

(i) the amount of bleed steam required per kilogram of supply steam; 
fiil the cycle cAckney of Ibe planl; 

(io) the specdk ncam coosumpetoo. 

(0 1906. 37%: 4,59 kg/kWh) 

9.7 Steam u supplied to a iwcHstagc turbine ai 40 bar and 500 "C. In the bnt stage the 
steam eapandi laefitrogaafly (o 30 bar at w hsch piassure 2500 kg/h of steam is extracted 
for process work. The remainder b reheated to 500 *C and then expanded bentropically 
to 0.06 bar. The by*pfoduci power from (be pUnl b required to be 6000 kW. Cakulaie 
the amouBi of steam required from the boiler, and the heal supplied. Neglect 
leed’pump lenna. and a<*iinie ihal tbe process coodeiualc returns at tbe saturation 
letnperaiure lo mb adtabalicaliy with (lie eoedensate from the condenser, 

(14 950 kg/h. l5S80kW) 

a.t For (he planl of P i uUtu i 9.7 i( rs required lo rmprove ihe efhcaerKy by em^oying 

regencraibe feed bentiog by taking off the neemsary bleed steam at the same point as 
the process steuL Tbe process neam s not returned to Ibe boiler, but make-up water 
at I5*C n suppbed. Tbe bleed steam is miied whh the condensate and make-up water 
at >.0 bar sueb that the rasuliint water u at (be saturation lemperalura correspondiag 
to 3 0 bar Caleutott: 

|i) the steam su^y necessary to BBtt the same power and process requiremeots; 

(ii) the aouniDt oTbked steam; 

(is) the heal supplied m kW. 

Negleci rced'punip lerm 

116490kg/h: 2660kg/h: I5460kW) 

M In a regeaerauve steam cycle employing three doted bed beaters the steam b supplied 
to the lurbifte at 42 has and 500*C and ts eihau&ted to the condenser at Q.03S bar. The 
bleed steam Cor feed heating ii taken at preasurea of 15.4. and 0.5 bar. Assuming idea) 
proceues and neglecting pump work, calccdaie* 

(I) the fraction of the boiler steam bled at cacb stage; 

(ri) the power output of the pUal per umt mats flow mie of boiler steam; 

(ill) ihacydeefficinKy. 

(00952.041969.0X>902: 1133.6 kW per kg/s; 43.6%) 

9.10 A boiler plant, see Fi^ 1.19 (p. 2S4|. incorpoeaies an econontuer and an air pre*hcaier. 
and genetaies stcesD at 40 bar and 300 with fuel of colon Ac value 33 000 ki /kg burned 
at a rate of 500 kg/b. The temperature of the feedwater is raised from 40 to 125 *C In 
the econoauerr. and (he floe gases ait cooled at the same time from 395 to 225 “C. The 
flue gases theo enter tbe air pe^benter to wbidt Ibe temperature of the combustion air 
is laised by 75 K. A fbreed^lraugbl fan delivers the air lo the pre-heater at a pressure 
of 1X12 bar aod a lemperaniie of I6*C wiib a pressure rise across the fan of 180 mm of 
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««ler. TV pew iaptn eo tfer Eia I* 5 kW Md it kM « eSdeacy of 78H. 

HephePmp heat kam, aad ukinf t, at lOt kf/V| K tor ikc (hie pim. «olnlste* 

0) the matt to* rwe etak; 

(U) the loapmui* flf the tw pim leaswf the pUoi; 

<ii) ibe matt loie ef ttaam. 

(rr) ihecfleae7 oftfee Mar. 

TlK po««r nquM lo drm ihe Cw h p«ai hr 



when A h ihe Fvmin f«c •(*«■ (V bn e&pmMd m« hewd cf *Mv< ihe deaiUf 
ef wMft, 0 (he atakrvtea due id pavety. f ihc ^oima Bo* nie «f ait. ani ei, it \ha 
la eeb eoiM^ ffcwicy of the (■* 


itrik$/u I54*C. 


W»fe r wio#» 

ILt tart^m a c mad t«not * ■ IfiO CwMer Cnmfr Ot^ n ai Jdt Stemm 
M MKfcvdi 

U lArToe T 9 and wahow * f ihhZ MwA—fuJ Smars far BdUbtga Loo|men 
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9 


Gas Turbine Cycles 


Tbe sinpk coostaoi cycle asd the opcD* atid closed-cycle gas turbine 
uoits have been coosideTed briefly in Chapter 5. lo this chapter tbe various 
parts ci the cycle wiD be considered in more detail aod the practical limitations 
and 0 )odi 6 catMHis to the ideal cycle wiD be diseased. 

The main use for tbe gas turbioe at the present day is in the aircraft field, 
although gas turbine units for eketrie power generation are being used 
increasingly, usually using natural gas as fuel. Gas turbines are used in marine 
propulsion, but tbe oil engine and steam turbine are more fre<)uently used, 
particularly for brger ships. The ^ turbine is also used in conjunction with 
the oU eogioc, and as pwrt of ivial eoergy schemes in cumbinailon with steam 
plant; this is discussed more fuDy in Chapter ]X 

The iDcffidencics in the compression and expansion processes become 
greater for smalkr staod-aloae gas turbine units and a heat exchanger is 
frequently used in order to improve the cycle*elTiciency. A compact cOective 
heat eichanger b necessary before the small gas turNne can compete for 
economy with the soiaD oil engine or petrol engine. 

Tbe use of corutani pressure combusimn with a rotary compressor driven 
by a rotary turbine, mounted on a common shaft, gives a combination which 
is ideal for conditions of steady mass flow over a wide operating range. 


9.1 The precticst gas turbine cycle 

The most basic gas turbine unit is one operating on the open cycle in which a 
roury compressor arvd a lurKne arc mounted on a common shaft, as shown 
diagrammaiically In Fig. 9.1. Air is drawn Into the compressor. C, and after 
compression passes to a combustion chamber. CC. Energy is supplied in (he 
eotnbusiloA chamber by spraying fuel into the aintream, and the resulting hot 
ga^ expand through the turbine, % to the atmosphere. In order to achieve 
net work output from the unit, the turbine must develop moK gross work 
output than is required to drive the compressor and lo overcome mechanical 
losses in the drive. 

The compressor used is either a centrifugal or an axial flow compressor and 



9.1 Tli« priet^l QM turlrin* eyd* 


Flf.9.1 0])en<>d< 
fu lutbine unii 



the cQtBprcsiKM) proceu is iherefofc imversibk but approximstely adisbaiic. 
Simiiirly tbe espassioD process in ibe turbine ti irreversible but adisbitic. Due 
to these irreversibibties. more work is required is tbe compreMioc processes 
for « given pressure ratio, and less work is developed in the expansion process, 
tt is possible ihii the compressor end turbine may be so ioeflideni that the 
unit is cot sel^sustaining. aod in fact it was the difficulties is improving the 
comp r essor and torbiiK design to cut down irreversibilities that retarded the 
devdopmeot of tbe gas Curbioe uaiL 

As stated io sectma 5.^ the opeo-cyde gas turl^e cannot be compared 
directly with tbe ideal consuot pressure cycle. Tbe actual cycle involves a 
chemical reaction in (be combustion chamber which results in bigb*teinpera(ure 
products which are chemicaUy diflereot from the reactants (see section 7.8^ 
During combustion there is no energy exchange with the surroundings, the 
effect being a gradual decrease in chemical energy with a corresponding increase 
in enthalpy of the working fl uid. The combustion reaction will not be considered 
in detail here, and i suDFdi&cation will be made by assuming that the chemical 
energy released on a combustion is equivalent to a transfer of beat at conitant 
pressure to a working fluid of constant mean spedfle heat. This simplifled 
approach allows tbe actual process to be compared with (he ideal and to be 
represented on a T~f diagram. 

Neglectjai the pressure loss in (be combustion chamber tbe cycle may be 
drawn on a T-s diagram as shown in Fig. 91. Line 1-2 represents irreversible 
adiabatic compression: Ucte 2-3 r e pr es ents constant pressure heal supply in the 


PSf. 9J Gas turbine 
cyda on a T-s diagram 


Pi 
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combuftioo chamber; Ime 3-4 ttpteaeats i rre v eruMe adiabatic expaniion. The 
procea l- 2 irepRienu the ideal iieniropic proceu betweea the aame ponuei 
p, and Pi- Similarly the procees 3-41 tepnsenu the Ideal i e entre p i c eapaoiioB 
procees beteteee the piceniRa p, and p,. For the moment it will be aetumed 
that the chaote in kinetic eneriy betwM the vtrioui pointt in the cyele i> 
oeflipbly mall compatcd with the enthalpy ehengM. lien anilylni the flow 
equation to each part of the cycle, •« have the IbDowint for unit man. For the 
compteuor; 

Work lnpufe,(r,-r,) 

For the corahuttion chamber: 

Heal (up^ied - T]) 

For the turbine; 


Then 

and 


Work output» c^Ti - T 4 ) 

Network oulpol -c,(rj - T 4 )-e^T, - T,) 


Tbennal eScieocy 


net work output 
heal (applied 


«.(r,-r,)-t.(r4-r.) 

The value of the (peofic heat capodty of a real gai variei with temperature; 
also, in the open cydi^ the (penile beat capacity of the gaaea in the combuttioo 
chamber and in the turbine ie diSereni bom that in the compreaaor becauae 
fuel bu been added and a chemical duofe bat taken ^ace. Corvea (howtng 
the variation of with temperature and air-fod ratio can be uied, and a 
suitable mean value of e, and hence y can be found. It it usual in (he gat (uibioe 
practice to assume Gsed mean values of c, and y for the eapaniion process, and 
fixed mean values of c, and y lor the compretsioQ process. For the combustion 
^ocess, curves as shown in Fig. 9.18 |p.382) are used; for simple ctlculationt 
a mean value of e, can be tmimed In an opcn<ycle gas turbine unit the mast 
flow of gaia in the turbine is greater then that in the compreasor due to the 
mtu of fuel burned, but it is possiUe to neglect (be mase of fuel, tioce the 
aii-fuel ratios used are large, Alto, in mtny etsei. air it bM bom the compressor 
for cooling purposes, or in the caee of lircreft tl high altitude, bleed air ii used 
for de-idag end cabin air-conditioning This amount of air bleed Ie 
approiimtldy the seme as the mau of fuel injected. 

The ieentropic eOeiency of the c ompre ss or is dtftned ai the ratio of the work 
input required in iseniropic compression between p, end pj to the temtl work 
required. 

Neglecting changes in kinetic eneriy. we have 


Com p ia s orisentiopiecflicieocy.iit 


e.(r,. - r.) 
c.(T,-T,) 



2fl2 


T,-T, 


(91) 



B.1 Tha praotkal gM tiuWna eyola 


Similarly (he iKntropic eflideDCy (rf the (urbioe it defined as the ntio of the 
actual wwk output to the tteatropic work output between the aame presaurea. 
Neglecting kinetic energy changea 


Turbine iientiopiee(Bciet>cy,i|, 


t.(r» - T.i 

‘AT, - Tu) 


T,-T, 

T,-T^ 


(9.2) 


Exampla 9.1 A gat turbine unit hat e pretture ratio of lO/l and a maxiinuni cycle 
temperature of 700*C. The iMotropic effldeneiet of (he cotnpreuor and 
turbine are 0.92 and 0.95 reapectiwly. Calculate the power output 
of an electric generator geared to the turbine when the air eotera the 
compressor at I5*C at (be rate of IS kg/a Take c, w 1.005 kJ/kg K arid 
ya|.4 for the eompretslon procesa and take c,w|.IIU/kgK and 
y w 1 J33 for the expansion proccaa 

Solution A line diagram of the unit is shown in Fig. 9.3(a), and (be cycle it shown on 
a T-a diagram in Fig. 9J|b). In order to evaluate (he net work output it is 
oecestary to calculate the temperatures Tj and 74 . To calculate Ti we must 
first calculate 7 ^, and (ben use the iseatropic efficsency, 


FigpJ Gat turbine 
unit fa) and T-s 
diagram fb) for 
Example 9.1 




From equation (3.21) for an iseatropic proceti 

t-CiJ. 


therefore 

ri,>2U x(IO)*«' *w28S X I.93I -55$ 1C 
Then using cquatioo (9.1) 

Tj,-r, 556 - 298 


hc- 


r, - r, T, - 299 


-092 


Le. 


(T,-288).^-326fiK 
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Extinpl* 9.2 
Solution 


ihererorc 

T, > 288 4- 326.8 • 614.8 K 
SunUtrly for the turbine 

i CsY'"*' 

Tu \p,) 
therefore 


r*.-. 


973 


{igje.iirM.Mi 

Then from equetion (9.2) 


973 

1.778 


- M7.4 K 


_ r, - r. _ 973 - T, 
" T, - T., " 973 - M7,4 
ie. (973 - r.) - 42S.6 x aSS - 


-0.83 
361.8 K 


therefore 


r.-973 - 3614-6II.2K 

Hence Compressor norli input — e,(7^ — T,)= 1.003 x 3268 
- 328.4 kj/kg 

Turbioework output -c^T^ — 7^)- Ml x 36I.B 
-401.6 kJ/kg 

therefore 

Net >otk output. (401.6 - 328.4). 73.2k3/kg 
ie. Power output - 73.2 x 13 - 1098 kW 


Cticuinte the cycle efficieocy end the work rttioof the plenl in Eumple 9.1, 
assuming that c, for the combustion process is 1.11 k3/kg K 

Heat luppbsd - c.fTs - Tjl 

- 1.11(973 - 6144)- 1.11 K 338.2 kJ/kg 
ie. Heal supplied - 3974 k3/kg 
Therefore 


Cyde cfEcieocy 
ie. Cycle cScieocy 


net work output 
beat supplied 
0184 or 164V. 


73.2 
397 6 
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Th« ptictieal qm turbliM oyolp 


From (be deAnilJOn of work ratio pvoi in lection S.3. we have 

. netwotkouiput 73.2 _ 

Work lauo-- —m -•0.I82 

fron work outpvt 401.6 


Una of a powar turblna 

In Eum^ 9.1 and 9.2 the turbine a arranged lo drive the compreuor and 
to develop net work. It is sometimes more convenient to have (wo separate 
turbines, one of which drives the compressor while the other provides the power 
output The firsLorhigb.pressurelHPlturbtoe.istben known as (be compressor 
turbine, and the second, or low-pressure (LP) turbine, is called the power 
(urbiiu. The arrangement is shown in Fig 9.4(a). Assuming that each turbine 
has its own isentropk efficieiicj, the cyde is as drown oo a T-s diagram in 
Fig 9.4<b) Tbe numbers on Fig 9.4|b) correspond to those of Fig 9.4(a) 
Neglecting kinetic energy changes, rve have 

work from HP turbine - work input to compressor 
Lc. c^(T,-r.|-c,,(r,-T,) 


Fig 9A Gas turbine 
unit with setrarate 
power turbine tsi and 
(be cyde on a T-s 
diignuntb) 




where c^ and c^ ate the specific beat capadiies at constant pressure of the gases 
in the turbine and tbe air in ibe compressor respectively. The net work output 
B then given by the LP turbine. 

ie. Net work output - 0^,(7. - Tj) 

Example 9.3 A gas turbine unit takes in air at 17*C and 1.01 bar and tbe pressure ratio 
is S/LThecompiessorisdriveo by the HP turbine and the LP turbine drives 
a separate power shaft Tbe isenlropic eificieacies of the compressor, and the 
HP and LP turbines are 03.0.83.ai)d 0.83 respectively. Calculate (he pressure 
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and lanpcnture of Ihc gtse asining (be power (urbine, the net power 
developed by the unit per kg/* me** Bow nie, (he work ratio and the cycle 
eflrcieocy of the uniL The maumun cydc lempenture i> 650’C. For the 
compreaiaoproceaukee,w 1.005U/kg Kandy - I.4;rorlhecombuitios 
procea*.ud(or thecapansooprecaa)taker,- ].l5ki/kgK indy - 1.355. 
Negkct (be maa* of hick 


Solution Tbe unit ii aa ihowa io Figs B.4(a) and 9,4<b|. 

From equatioB (U1), for an iaaairo p i c process, 

U T„-290» «®^''-2»0 « I.SI1-S25K 
Then, using equation (9.1) 


r,.- r, 525 - 290 
n - r, “ T, - 


therefore 


T,-290 


235 

0.8 


ie. r,-290 + 294 = 584 K 

Then Work input to ihccooiprcasor -c^fT] - T,) 

- 1.005 X 294 - 293.5U/kg 

Now the work output from the HP turbine must be sufRcient to drive the 
cotnprcsaor. 


ia. Work output from HP turbine • c,^(T, - I^) 
therefore 


r,-r.- 


295.5 
I.I5 ‘ 


257K 


295.5 U/kg 


therefore 

T. - r, - 252 - 923 - 257 - 666 K 
Then, using equatioB (9.2), 

Jh for HP turbine - ^ - 085 

^ 923-r«.H.301SK 


therefore 
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T 4 ,« 923 - 3015 « 6205 K 
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Then from equation (SJI) Eor u oeatropic proccn> 



U. 




8 * 1.01 

4.9 


l.<Sbir 


Hence tbe pmiure and lenpeniure ai entry to the LP lurtinc are 1.6S bar 
and 393’C. when I, >646 - 273 > 393'C 
To And tbe power output it b now necetuiy to evaJuale T,. The preuucc 
ratio. P./P 5 , b given by (p»/p,) x (p,/p,|. 


U. ---X- (notep,-p,andp,-p,) 
Pj P> Pi 

ibetefoce 


h ± 
Pi ~ 4 .9 


IM 


Then = -1.63* 1.I3I 

Js, \Ps/ 


therefore 

Tu 


666 

1.131 


588K 


Then, using equation (9.2) 

■h for the LP turbine • ^^ 

•4 - ii> 

i.e. 74-7, • 0.83(666-388)-083 X 78 > 64.8 K 
Then Work output from LPturbine -c^(7V - Tj) 

• 1.13 x 64.8 - 743 kJ/kg 


Net power output > 743 x I > 743 kW 
net work output 743 


Work ratio - - 


743 


grottwork output 743 4 293.3 370 

Heat rupplied - c,.(7, - 7,) - 1.13(923 - 384) 

Heat supplied - MS x 339 > 390 kJ/kg 


-0201 


Then 


Cycle el&CNacy 


network output 
heat supplied 


743 

390 


-ai9lorl9.1H 
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On Turbina CvcIm 


Aircraft anginas 

Id a /rc engine the propuliion Donle takes the place of the LP stage turbtoe, 
as shown diagramnati^}'ia Fig 9^(a). The cy^ is shown on a T'l diagram 
in Hg 9.S(b). and it can be seen to be identic^ with Fig 9,4(b). The aircraft 
is powered by the reactive thrust of the jet of gasea leaving the nozzle, and this 
high-velodly jet it obtained at ibe espense of the enihaipy drop from 4 to 
The turbine ikvelopt just enough work to drive the compressor and overcome 
mechanical losses. 


Fig 9d Simple jet 
engine (si with the cycle 
on a 7-1 diagram (b| 


ABCiaft idooiy 
Air • 1 • • 




In a rurho-propeogioe the turbine drives the compre s sor arMl also Ibe airscrew, 
orpropeUer.assliowniDFlgs9.6(a)and9.6(bj The net work output available to 
drive the propeller is given by 

Net work output -e^CTj — 7i) —c^fTj - 7,) 

(neglecting mechenicaJ losses). 


Pig 9.4 Turboprop 
engioe (a) with the cycle 
on • 7-sdiigrtm (b| 


AircrafI wSoaty 



■a) 
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In practice Ihete is also a small jet thrust developed iu a turbo>prop aircraft, 
fel engines and turbo-piop engines are considered again in Smion 10.9. 


92 ModifieaKkint to th« bwic eydi 


Parallel flow unite 

Is some industrial asd mahoe (as lurbise units, the ait Bow is split mto two 
sittams after the compression process is completed Some air is then passed to 
a combustion chamber whkli supplies hot gases to ibc turbine driving the 
compressor, while the rest of the air is passed to a second combusiion chamber 
and Irom thence to the power turbine. The system is shown disgrammaticaliy 
in Fig. 9.7. and is called a poraUelylon'unit In this system each turbine expands 
the gases received by it through the full pressure ratio. The advantage of this 
system is that the net power output can be varied using the second combusiion 
chamber, and the power turbine operates independentiy ol (he compressor 
lurbiue 


Fig. 9.7 Paraild.now 
gas turbine unit 


Air iakl bitisuu 



9.2 Modifications to the basic eycis 


h can be seen bom Examples 9.1, 9.2. and 9.2 that the work ratio and the 
cycle efficiency of the bask gas turbine cycle are low. These can be improved 
by increasing the iseniropk cBicicncies of ibe compressor and turbine, and this 
is a matter of blade design and manufacture. 

In a practical cyde with irrevetsibilitks m ibe compression and expansion 
processes the cycle efficiency depends on the maximum cycle temperatures 
as well as on the pressure talia For Bxed values of the iseottopk efficiencies 
of the compressor and turbine, the cycle efBcieticy can be plotted against 
pressure ratio for various values of maximum temper a ture. This is illustrated 
in Fig. 9,8, lor a cyde in which the compressor iseniropic efficiency is 0.89, the 
turbine iseniropic efficiency is 0.92, and the air inlet temperature is 20 ‘'C TTie 
ideal air standard cyde Ihermal efficiency is shown cfaain*dotled. In section 5.4 
it is shown that (be ideal eooslani pcssurc cyde efficiency is given by 
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Fl|. 94 Om turbine 
Cycle efficteney aiaiiut 
prnsttre ratio iot 
diflereni maximum cydc 
temperaturci 



where % ie the pressure reiio tad i$ independeot of the maximum cycle 
temperature. 

It cao be seen from Fi^, 9.8 that at aay ose fixed maximum cycle tcmperatuie 
there is a value of pressure ratio which will give siaximuro c^t effieieocy. 

The net work output abo depends oo (he pressure ratio and on tbe maximum 
cycle temperature, arui curves of specific power output against pressure ratio 
for various maximum temperatures ace shown in Fi^ 9.9. The isentropic 
eOicieQdes of tbe compressor and turbine, and the air inlet temperature are the 
same as those used in deriving the curves of Fig. 94. ll can be seen that the 
cycle efficiency reaches a maximum at a diSerent value of pressure ratio than 
the work output The dwice 4^ pressure latio b therefore a compromise. 


Fig 9.9 Specific power 
egainii pressure latio 
for difSmni mamniun 
ode lemperaiures 



The maximum cycle temperature is limited by metallurgical coniiderations. 
The blades of the turbine are under great mechanical stress and the temperature 
of the blade matenal must be kept to a safe working value. The temperature 
of the gases entering the turbine can be raised, provided a means of Made 
cooling is available. Various methods of blade cooling have been investigated 
and a discussion of Ibese will be found in ret 9.1. In aircraft practice where the 
life expectancy of the engine » shorter, the maxunum temperatures used are 
usually higher than those used in industhal and marine gas turbine units; more 
expensive alloys and Made cooling allow maximum temperatures of above 
1600 K. 
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It i$ important to have as hifh a work ratio aa possible* and methods of 
increasing the work ratio, such as interco^o^ between compressor stages, and 
reheating between turbine stages. wiU be considered io this seetion. Iniercooling 
and reheating, while increasing the work ratio, can cause a decrease in the 
cycle efficiency, but when they art used in conjunction with a heat exchanger 
then iniercooling and reheating increase both the work ratio and the cycle 
efficiency. 


Intercooling 

When the compression is performed in two stages with an intercooler between 
the stages, then the work input for a ^ven pressure ratio and mass flow is 
reduced. Consider a system as shown in Fig. 9.l<Kt): the T-$ diagram for the 
unit » shown in Fig. 9.10(b|. The acnial eyrie processes are 1-2 in the LP 
compressor. 2-) in the tniercooler. 3-4 in the HP compressor, 4-5 in the 
combustion chamber, and S-6in the turbine. The ideal cycle for this arrangement 
b 1 -2s'3-4s- 5-6s; ibe compression process without intercooling is shown as 
I -A in the actual case, and I -As in ibe ideal isentropic case. 


Fig. 9.10 Gas turbine 
QOit wirh interroolin g 

la) and the cycle on the 
T-j diagram (b) 


iBKfcocte r 




The work input with iniercooUng is given by 

Work input Iwiih iniercooling) c^fT) - T,) 4- c,(T« - T>) (9.3) 

The work input with no lotercooling is given by 
Work input {00 mtercooliog) ■ - T|) 

• c,(T,-r,) + c,{r^-r,) 

Comparing this equation with equation (9J), it can be seen that the work 
ioput with intercooling b less than the work input with no intercooling. when 
^»(^ ' T})is less thanl^yThistssoifitisassuffiedthaiiheiseDiropic 
effioendes of ihe two comp r essors, operating separately, are each equal to the 
isentropic efficiency of the single compressor which would be required if no 
intercooling were used. Then (7^ ~ — 7^) since the pressure lines 

diverge from left to right on the T-s diagram. 
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[t can be shown that the best interstage pressure is the one which gives equal 
pressure ratios in cadi sia^ ofcoinpiession; referring to Fig 9.i0(b) (his means 
that p|/p, • pJPi- The work input required is a minimum when the pressure 
ratio in each stage is the same. at>d when the temperature of the air is cooled 
in the intercooler, back to the value at inlet to the unit (i.e. referring to Fig 

9.10(b). r,-r,L 

Now 

, net work oulpul 

Work ratio --!— 

gross work output 

workofcspansion - work of compression 
work ofopansion 

It follows, therefore, that when the cORiprcssor work input is reduced then the 
work ratio is increased. However, referring to Fig 9.10(b). the heat supplied 
to the cooibustioo chamber when iniercooling is used in tbe cycle is given by 

Heal supplied (with inlercoolingl ■ c^Tj — T 4 ) 
whereat the heal supplied when iniercoding is not used, with the same maiimum 
cyde temperature T 5 , b given by 

Heal supplied (no iniercooling) » e,(Ts - 7),| 

Hence the beat supfdied when inlereooliDg is used is greater than with no 
iniercooling Although the net work output is increased by iniercooling it is 
fnund in general that the mcrease in tbe heat to be supplied causes the cycle 
efHnency (0 decrease. It will be shown later that this disadvantage is oBset 
when a heal exchanger is also used. 

When iniercooling is used a supply of cooUng water must be readily available. 
The additional bulk of the unit may crifsei the advantage to be gained by 
increasii^ the work ratio. 


Reheat 

As slated earlier, the expansion process is very frequently performed in two 
separate turbine stages, (he HP turbine driving the compressor and the LP 
turbine providing the useful power output. The work oulpul of the LP turbine 
can be increased by tabing the temperature at inlet to this stage. Thb can be 
dotw by placing a second combuslioo chamber between the two turbine stages 
in order to heal the gases kaving the HP turbine. The system is shown 
dlagrairunaticaUy in Fig 9.1 1 (a), and (he cycle b represenled on a T-j diagram 
m Fig 9.1I|bk Tbe line 4-A represents the expansion in the LP turbine if 
rthesiiog b not used. 

As before, the work oulpul of the HP turbine must be exactly equal to (he 
work input required for the compressor (neglecting mechanical losses). 

c^.lTj — Ti) * — 7i) 



9.2 Mfrdlflutient to th« basic eydb 


Fi|. 9.11 GasturtiM 
uail wiib rehcflbni 
and Uie cycle on a T-a 

diagram (b| 



The net work outpul. which ic the work output of the LP turbine, is given by 
Net work output • Ti - Tt) 

If reheating is not used, then the work of the LP turbine is gives by 
Net arork output (no reheat) • 7^ - 7),) 

Since pressure lines diverge to the right on the T-s diagram, it can be seen that 
the temperature diSerencelT; - 7^) is always greater than (7^ — 7^). so that 
reheating increases the net work output Also 

^ ^ ^ _ workofeaparrsion - workofcompression 

work ofeipaosioo 

. workofcompresiion 

ue. Work ratio - I- - - 

workofesptinsron 

Therefore, when the work of eapansion is increased and the work of compression 
is unchenged, then the work ratio is increased. 

Although the net work is increased by rebeadng the heal to be supplied is 
also increased, and the nei elfeel can be to reduce the (henna] eflieiency, 

i.e. Heal supplied -c^(Tj - ?■,) +e^(r, - TJ 

However, the exhaust temperaiure of the gates leaving the LP turbine is 
much higher when reheating is used (Le. Ta as compared with T^), and a heal 
exchanger can be used lo enable some of ibe energy of ihe exhaust gttet to be 
used. 


Haat axchangar 

The exhaust gates leaving the turbine at the end of expensioD are still et a high 
temperature, and therefore a high enthalpy (e.g in Example 9.3, ij • 328.2'C). 
If ibete gates ace allowed lo pass into the atmosphere, then this rcpresenti a 
loss of available energy. Some of this energy can be recovered by pasting the 
gases (rots Ibe lurbiDe ibrougb a beat exebaoger. where the beat transferred 
from the gases is used lo beat the air leaviog the compressor. The simple unit 
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Fig. 9.12 Gas lurbiM 
uiuc whh beat 
CKchangsT (a^ antt 
iht c)<l< on a T-i 
diagnun (b) 



with a heat exchanger added a shows diagnmniaUcaJJy io Fi^ 9.12(a), ond 
the cycle it represenied os a T-t diagnm in Fig 9.12(b). In the Ideal heal 
exchuger the air would be healed from to m and the gates would be 
cooled from T» to 7^ «• Tj. Thb ideal cast it shown in Fig. 9.l2(b^ In practice 
this ii inpotsible, tiftce a ftniia temperature diflereoce is required at all points 
in the heal exchanger in order to overcome the resistance to the beat traosTer. 
Referring to Fig 9.13, the required temperature diflerence between the gases 
and the air eslering (be heat exchanger h(T« — r]),and the required temperature 
diflereoce between the gases and the air lea vittgibe heat exchanger is (Fj ~ Tj). 


Fig 9.13 7-s diagram 
for » gas lurbiae unit 
with a heat excbanget 
showing temperature 
diflerences for heat 
iniu/isr 



If no beat is losi from the heat exchanger to the atmoiphere, then the heat 
given up by the gases must be exactly equal to the heat taken up by the air, 

U A‘JT,~T,}-*,CAT,-T>] (9,4) 


Tti, •uumpUoQ ilui no heat it lou from the heat eachanget ii euBicleolly 
accuraic in moei practical caiea. Equation (9J) ii iheterore true whatever the 
temperaiuiei and 7^ may be. 

A heal exc^D(ef e/ectfpeneu it defined to allow for the temperature 
diflereoce occcasary for the transler of heat. 


ie. Eflectiveueat 


heat received by the air 

maaimuin poasiUe beat which could be iraniferred 
ham the gates in the heat eachanger 


294 


ModifiMttorift tQ tht bMte eyel« 


tberdoR 

ElfccUveBess.. ’*'^'^""^^’ (9.5) 

A more convenient way of asteuint the pefformance of the heat exchanger 
ii to uae a rAermnI ratio, deAned u 

_ teiDperalurerijeoftbeair 

Thefftial ratio - .. — - ■ 

maximum temperatuRdiflertnoc available 

tc Thennal ratio • ^^ (9.6) 

T, - Tj 

Comparing equaliona (9.5) and (9.6) it can be teen that the thermal ratio ii 
aqua) to tbeefTectivenesawhen the product, iaequal to the product. di|C^ 

When a beat exchanger is used then the heat to be supplied in the combustion 
chamber is reduced, assuming that the maxitnum cycle temperature la 
unchanged. The net work output is unchanged and hence the cycle efficiency 
is increased. 

Referring to Fig. 9.13 

Heel supplied by the fuel (without heat exchanger) — c,( 7^ - Ti) 

Heat supplied by the fuel (with heat exchanger) wc^(T. - Tj) 

A beat exchanger can be used onJy if liiere is a sufficienUy large tempeiature 
difference between the gases leaving (be turbine and the air leaving the 
compressor. For example, in (he cycle shown in Fig 9.14 a heat exchanger 
could not possibly be used because the temperature of the exhaust gases. Tt, 
is lower than the temperature of the air leaving the compressor, Tg. In practice, 
although the ps temperature may be higher than the temperature of the air 
leaving the co m p r essor, the difference in temperature may not be sufficiently 
larp to warrant (he additional capital cost and subsequent maintenance required 
far a beat exchanger. Also, when the temperature diflercnce is small in a heal 
exchanger, then the surface areas for the heat transfer must be made larp in 
order to achieve a reasonably high value oS the ibennal ratio. For small gas 
turbine units (e.g for pumpng sets or for motor can) a compact beat exchanger 
must be designed before such units can hope to become competitive for economy 


Flg9.l4 Excinpleora 
cycle where e heal 
exchanpr ii not feasible 
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with conventional inieraal combunion engines of equivalent powet. In large 
gas turbine units for tnarine propulsion or iodustrtaJ power, a heat eichanger 
may be used, although the ircod now is towards combined cydes using the 
turbine exhaust to geoernte steasn or heat water (see Chapter 17). 


Exampla 9.4 A 5000 kW gas lurbioe geoeraling set operates with two compressor stages 
with interco^ng between stages: tbe overall pressure ratio it 9/1, A HP 
turbine is used to drive lhecompressoR.and a LP turbine drives the generator. 
The temperature of (be gases at entry to the HP turbista it 650‘C and the 
gates ate reheated lo 650‘C after expansion in the first turbine. The exhaust 
gates leaving the LP turbiiK are passed through a heat eichanger to heat 
the air leaving the HP stage compressor. The compressors have equal pressure 
ratios and inteicooling is compleie hetween stages. The air inlet temperature 
10 the unit is 15*CThe isentropicciBciency ofeadi compressor stage is 0,8 
and the isentropwefficieocy of each lurbiee stage h 0.15: the heat ex^nger 
thermal ratio is 0.75. A mechanical efficiency of 98% can be assumed for 
both the power shafi and (be compressor turbine shaft. Neglecting all pressure 
losses and changes in kmedc energy, calculate: 

(i) tbe cycle effidency: 

(ii) the work ratio: 

(iii) the mass Sow rale. 


For air take e^« 1.005 kJ'kg K and 7 * 1 . 4 , and for the gases in the 
combustion chamber and in the turbines and heal exchanger take 
c, w t.l5 kJ/kgK and 7 * 1J33. Neglect the mass of fuel. 


Solution 


Fig. 9.IS Gas luibiiK 
plant (a) and T-i 
diagram (b) for 
Example 9.4 


(i) The pbni is shown diagiammatkaOy in Fig. 9,15(aX and the cycle is 
repre s ented on a T^s diagram in Fig 9.l5fbX 

Since the pressure raiio and the isentropic efficteacy of each compressor is 
the same, then the work input required for each compressor is the same since 
both compressors have (he same air inlet temperature, Le. Tj * Tjand T^ « T 4 . 


iDtercookr 
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From cquBtioD 0^1) 



iberdorr 

T,.- 288 x 3‘’*'’*-3MK 
Then from equalion (9.1), 

lie. LP eompressor ^^ • 0.8 
T, - Ti 

(herefoR 


_ , J94 - a8 106 

’ ‘ “ 0.8 ” 0.8 “ 

r, - 288 + 1315 - 420.S K 


1315 K 


AUs Woik input pec compressorstage •> e^(T] — T,) 

= 1.005 X 1315 <• 133.1 k)/kg 

The HP (urbine is required lo dris« txxh compressors and lo overcome 
mechanical friction. 

ie. Work output of HP turbine - ^ ' “ 272 kJ/kg 

Ia9o 


therefore 

e,,fi;-T,)-272 
te. I.I5(923-T,)»272 

therefore 

923 -T,-^-236.5K 
ie. T, - 923 - 236.5 - 6865 K 

From equation |9.2| 

17,, HP turbine » ——^ “ 0^5 

*4 “ Ml 


therefore 


LC. 


T,-T„. 
T, 


236.5 
0.85 
923 - 278 


278 K 
645 K 
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Tb«Q usiag equatioo (121) 

Tbeo ES-J--1M7 
H *•» 

Uiinf cqiulion (3J1) 

i _ 1147* »Myi.n» . ,_2,, 

T*. \h/ 

Ibcrefore 


T^- 


9:3 


> 7i2.6 K 


i.:ii 

Then using cqutUoa (9J| 

T,-T, 


Iff LP (uibiiK - 




^-ass 


therefore 


r, - r, - 0.8S X (923 - 7626) - 136.3 K 
Le. r, = 923 - 136J = 7867 K 
Therefore 


Net work oolpul - c^(7;- T,) x 698 

• 1.15 X 1363 X 698 - 153.7 U/kg 

From equadoB (9.6) 


j.e. 


Thermal ratio of beat eachanger 


T>~T. 

n-T. 


675 


T, - 4265 - 675(786.7 - 420.5) - 274.7 K 

iberefore 

r, > 4265 * 2767 - 6952 K 


Now Heatiupplied-c^(r,-r,) + c^(r,-r,) 

- 1.1S{(923 - 6952) + (923 - 686.5)} - 534 U/kg 
TbcA. from equtiioa (5^) 

Cycle eIBcieitey « 6288 or 28854 

(ii| Gross work output 

- work output of HP lurbiiK .f work output of LP turbine 
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i«. Cross «ork output •> 272 ^ - 429 ki/kg 

0.9S 


. MI work output 153.7 

Work tatw --!— --- a358 

grou work output 429 

(iii)Tbe deciricaJ output is 5000 kW. Letibcrous flow niebemkg/s. then 
5000 • A X 153.7 

U. Rate of flow of air ■ 32.6 kg/s 


Effect of presaure loss 

In Extunple 9.4 all pressure losses were neglected. In an actual gas turbine unit 
there are pressure losses due to fnetioo and turbulence in the intercooler, in 
the air side of the heal eicbanger. io both cotnbuslion chambers, and in the 
gas side of the heat eschanger. and in the csfaausi duct. The high heat transfer 
rate in a combustion chamber leading to an appreciable velocity iocrease io a 
duct of ai^rosimatdy constaoi cross-sectional area causes a further pressure 
loss in addition to that due to fnclitHi and turbuteocc. 

Enample 9.5 For the gas turbine generating set of Eiani[fle 9.4 recalculate the cycle 
cRicieocy and work ratio, taking the foUowing pressure losses into account, 
but assuming all other assumptions still ap|4y: air side of heat exchanger, 
OJ bar: gas side of beat eschanger and exhaust duct. 0.05 bat: intercooler, 
0.15 bar; each combustion chamber, OJ bar. 

Take an ambient pressure of 1.01 bar. a pressure ratio for each compressor 
of 3:1 as previously calculated, and find a new overall pressure ratio for (he 
compression. All other data ace unchanged. 

Solution Referring to the T-s diagram shown in Fig 9.16. as before: 

7-j, - 288(31“= 394 K 

Fig 9.16 r-s diagram 
showing pressure losses 
for Esample 9.5 
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and ii5iii( the iientraiw cfFicMoc)i 

T, - 4SL j K - r. 

Alto as before 

Work output per compmsor stage » 13X1 kJ/kg 

The preMurt at inlet to the HP compressor, p^, is now given by 
(3 X I.Ol) -QilJ w Khbar. and at outlet from the HP compretsor. pi, it 
3 X 2.U w S.Mbar.TbeoewovcraUpreasutt ratio ii therefore 8.64/1.01 • 8,33), 
compared with 9 previotuly. The pressure at entry to (he HP turbine, p,, li 
now 8.64 -0.3 -0.2 -8.14 bar. 

The work output of the HP turbine is given as befoie by (2 x 133,1/0.98) - 
272 kJ/kg. and hertce the temperatures T^ and Ti, are the same as before and 
beisce the ratio p^/p? — 4.19 is also (he same as before, 

i.e. p,-p./4.l9-114/4.19- 1.943 bar 
Therdbre 

Pi - fPi - 0.2) - 1.743 bar 
Now p,o - p, - 1.01 bar and therefore 
p, - 1.01 + 003 - 1.06 bar 
Pi/Pi- 1.743/1.06- 1.644 

Then T». = T,/fI.644)*“"‘»” = 923/1.132 = 813.4 K 
and T, = 923 - (923 - 8114) K 085 - 83131 
Therefore 

Net work output-c^lTi-ri)- 1.13(923 - 831.5) 

- l03.2U/kg 

Then using equatioo (9.6) for the (bermil ratio of the heat exchanger as before, 
n« have 

r, - 420.3 0.75(831.3 - 4203) 

- 7288 K 

Then Heal supplied - e^(7s - Tj) + e,,(r| - Tr) 

- 1.13(923 - 7218)+ 1.13(923 - 686.3) - 493.3 kJ/kg 
Hence Cycle efliaency - 1038/493.3 - 2US 

This compares with the previous value of 28.8% when pressure losiei are 
neglected. 

The gross work of the plant is (1058/0.981 + 277 — 384.3 kJ/kg. Therefore. 
Work ratio - 103.2/384.3 - 0.274 

This compares with (he previous vslue of 0.338 when pressure losses were 
neglected. 
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9.3 Combustion 

In ihfi closed'cyck gi& lurbine unit heat i$ (ransferred to the sir in a heat 
exchanger, but in the opeo-cyde unit the fuel must be sprayed into the air 
continuously, and combiutioo b a continuous process unlike the cyclic 
combustion of the 1C engine 

There are two main combustion systems for open cycles: one in which the 
air leaving the compressor is split into several streams and each stream ii 
supplied to a separate cylindneal 'can'•type combustion chamber, and the other 
in which the air flows from the compressor through an annular combustion 
chamber. The annular type would appear to be more suitable for a unit using 
an axial flow compressor, but it is difficult to obtain good fuel-air distribution 
and research and development work on this type is harder than with the simpler 
can type. The annular type can be modified by having a series of interconnected 
cans placed in a ring: this is known as ihe cannular type. In aircraft practice 
at present the majoniy of engines use either the cannular or the can type of 
combustion chamber. 

In industrial plants where space is not important the combustion may be 
arranged to lake place in ooe or two large cylindrical combustion chambers 
with ducting to convey the hot gases to the turbine; thb system gives belter 
control over tbe combustioQ process. 

In all types of combustion chamber, combustion is initiated by electrical 
ignition, and once the fuel starts burning, a flame is siabiliaed in the chamber. 
In tbe can type it is usual to have i nierconoccti og pipes between cans, to stabili ze 
the pressure and to allow combustioa to be initiated by a spark in oite chamber 
on starting up A typical caii*type chamber is shown diagrammatically in 
Fi^ 9.17. Some of the air from the compressor is introduced directly to the fuel 
burner; this is called primary air. and represents about 25% of the total airflow. 
The remaining air enten Ibe annulus round the flame tube, thus cooling the 
upper portion of Ihe flame tube, and then enters the combustion zone through 
dilution holes as shown in Fig. 9.17. The primary air forms a comparatively 
rich mixture and the tcmperaiure ts high in this zone. The air entering the 
dilution holes completes Uie combustion and helps to stabilize the flame in the 
high'iemperature region of (he chamber. In some combustion chambers the 
fuel is injected upstream into the airflow, and a sheet metal cone and perforated 
baffle plate ensure the necessary mixing of the fuel and air. 


Mg 9.17 Gas lurbtM 
ctii'iypc combiuiion 
chantef 
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Theair-ruel ratio overall is (rf the order of W/1 to 120/1, and the air velocity 
at entry to the eorabustioo chambei is usually not mote than 75 m/s. There is 
a rtch and a weak limit for Aame stability, and ibe limil is usually taken at 
flame blow-out. Instability of the flame results in rough running with consequent 
effect on the life of the combustion chamber. 

It should be noted that because of the high air-fuel ratios used, the gases 
entenng the HP turbine contain a high percentage of oxygen, and therefore if 
reheating is performed between turbine stages, the additional fuel can be burned 
saiisfactonly in ibe exhaust gas from the HP lurbine. 

A combusiiOD efikieocy may be defined as follows: 

Combustion eflkieoey 

theoretical fuel-airratioforaciualiempentute rise 
actual fuel-air ratioror actual temperature rise 

The theoretical temperature rise is a function of the calorific value of the fuel 
used, the fuel-air ratio, and the initial temperature of the air. The theoretica] 
temperature rise for any one fuel of known calorific value can be plotted against 
the fud-air ratio Ibr various values of air iniet temperature to the chamber, 
and curves of the form shown in Fig 9.1 fi obtained. The combustion efficiency 
can be evaluated by testing Ibe chamber; sections are traversed to obtain true 
mean readings of the inlei and outlet temperatures, and ibe fuel sod air mass 
flow rates are also measured. Tbe fuel used in aircraft gas turbine practice is a 
light peiroleuin disiillale known as kerosene witb a gross calorific value of 
about 4d400kJ/kg; for lurbiDes used in power production or as part of a 
combined beat and power unit the fuel used can abo be natural gas; for some 
process plants a gas lurbine unit is used for power production using waste gases 
as fuel In cases where kerosene or gas b to be burned a dual-fual burner u used. 


Fig 9.1S Thaorelicul 
rempemure rise againsi 
luci-alr ratio 



In order to give a companion of combustion chambers of diffettnl size 
operating under different ambient conditions, a comhusrlon Imnsiiy b deflned 
as follows; ^ 


Combustion intensity 


_ heal release rale _ 

fvolumeofchamber x inlet pcessurv) 


(9.8) 
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TIm lower the cooibueiion inicnsty ihe belter the deeign. In ■iicrefi practice a 
figure of about 2 kW/m’ atm wouM be nonnal, whereat In the larger industria] 
plant a figure of about 0.2 kW/m* atm It utually achievable. 

The preaaure lou in the combustion chamber ia mainly due to (riciion and 
turbulence There it also a null drop in pressure due to non-adiabatic flow in 
a duct of approsimately eoniunt crott-tcclioiial area. The lost due to Irictlon 
can be fou^ eaperimenlally by blowing air through the combuiiion chamber 
without initialing combustion and measuring the change in pressure. This 
friction lost in pressuie is therefore called the cold lost. The lots due to Ihe 
heating process almu is called Ihe firndomenial loss For a more esienslve 
trettment of the combustion process ret 9.1 should be consulted. 


9.4 AddKIonal factor* 

In considerins «nn«n tiii.i|UlliTciint is necesury fini to study the theory of 
now in noazles, end to introduce the concept of total bead, nr stagnation, 
pressures and temperatures. Gas lurbioe cycles for aircraft propulsion are 
therefore considered again in sectioo 10.9. Another useful concept is small stage, 
or polytropic, effioeocy; this is consdered. and cycles analysed using polytropic 
eSiciency in section I I.S afler blading design and Ihe concept of a stage have 
been introduod. 


Problama 

(For ah proMons e, and 7 may be tahm u 1.00SkJ,.kgK and M lor air, and as 
I.IS kJ/kgK sad IJ33 for combustioo and expaniion proc eues .) 

e.1 A gas turUne has an ovesall preasutc niso of S and a naaimiiai cycle temperature of 
S$0‘C. Tbe lufbuw diivca the conpresaor and an ekeiiic genenlof. Ihe mechanical 
efiieieney of the drive being 97K. The mnbieni tempenluie h 20*C and air enters Ihe 
coippr es sof ete nieof 15 kg/i; the isentropic effidencics ef the compreesor and lurbinc 
are so end S}H. NcgkeUni changee in kinetic encigy. the maae Bow nta of fual. and 
all prcsiure loeees. calculate; 
li) tbe power output: 

(u) tbe eyde efficiency: 

(bl) the work ratio. 

(OaoikWi aiK:0.i<4) 

In ■ marine gas turbine unh a HP stage lurbiiie driva tbe compressor, and a UP stage 
luibiae drivcclhepcopcBetibrou^ tunable geahag Tbe overall pceeeure miloUa/Uihe 
mate flow rate is SOkg/s, tbe nasiroum temperature is bSO'C. and the air Intake 
conditions are IXII bar and 25 *C Tbe iaentropic efidencics of tbe compressor, HP 
turbine, tod LPturMne,arsOA. 0J3, and 0.15 rtspsetively, and Ihe mechanical efficiency 
of both shafts is 9S%. Neglecting kinetic energy changee, and tbe prssaure lou to 
combusuon, cnlculntn: 

(i) the preuurc besweesi lurfaene itnges; 

(II) the cycle eSexsicy: 

(id) the diaft power. 

(I.STbar: IA»K:4560kW) 
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94 


For tbe onit of ProUoii 94. the cyde efickacy obuiuble wbeo a be 

eidunger b fined. Assiuiie e Owmal ndo of 0^7$. 

(ia.4) 


9.4 


94 


In A gai nrbiiK |eMrad4| Ml two «u|ei of conpmsioo vt uMd wiib an ioiercoo 
between lUcea. Tbe HP lurbioe dhvei (be HP cmapreaor. and (he LP turUoe dri' 
(be LP compreasoT and ihe fcneraior. The cxhauM from tbe LP turbine paasee ihrou 
a heal cMhanfer wbicb trvufen fMat (o tbe aii le«vio| ihe HP compreeior. Thera b 
rebeai conbvtioe ebambef berweao (urbine napei whkb raiia tbe ^ai temperature 
600 *C. wbkb ii abo (be fu (eaperatureat entry to the HP turbine Tbe overall preMt 
ratio la 10 /(. eaeb eomprea i or taanoi tbe same preaure ratio, and (be ait tempenut 
at entry to the unit «e 30 'C Tbe heat eachenier ihennal ratio may be taken ai 0.7, a 
intercoolini u complete between conpreiaot etagei. Awume bcDlropie cf9c»eec(ei 
09 for both comprewx $i4|ea. and 095 for both turbine ilages. and that 3% of t 
work of oath lurbioe ts wad m overeomini fricwML Ne^kciioj all loceea m pttaiu 
and auumiftf that veloaiy channel are rteghaibly onaJI, caleulaia: 
tii Ihe power output in kilowatts for a auae flow of tlSkaye; 

(til the overall cycle elDoenu^ wr tf»« 

(14 440 kW; 35.7' 


A moior car gas turbeoe uoil bai two centnTapl compreeion b Krin |ivxii| ao owerl 
pressure nlioc46/1. The air leaving tbe HPoompressot paaici ibrougbaheat eichaaJ 
before eoteriog (be coobuitioB chamber. Tbe expansioo is b two tu/bbe stages^ 
hrsl stage driving the oompresors and the second stage driving ibe car through gearii| 
The gases leaving tbe LP lurbbe paw tbrou^ the heal exchanger before exhaustbg 
aimospbere. Tbe HP lurbbe inlet temperature is 900*C and tbe air inlet tempentt| 
to the unit is 15‘*C The tseoiropic efficiency of tbe conpresnon U 0.9. and (hat of 
turbine is 04$; tbe meirhanical dficieocy of each shah is 99%, The heel Bichenj 
ibcnnal mbn may be asfuiiwd to be 0.65. Negleccag pteasure lossa and cbaoiea 
kjaeiie energy, calculate: 

(i) tbe overall cydedficioicy; 

fii) tbe power developed when the air mass flow is 0.7 kg/s; 
f ii) tbe specific fuel consumption when (be calorific value erf the fuel used is 42 600 kj/l| 
and tbe combusuon effioenev is 97%. 

1394%; 94.7 k W; 0.502 kg/kW 


94 in a gas luibine generating station the ovenlJ cempreesion ratio is 12/1. performed 
three iiages wnb pressure ratios of X$/l. 14/L and 2/1 respecllvejy. The air ui 
temperature loihe plant k 25 ‘C and lotercooluig between stages reducci Ibe temperati 
to 40*C. The HP turbine drives the HP and iniermedbie presaure compresaor slap 
the LP turbine drives Ihe LP compressor and the generator. The gases leaving the 1 
turbine are passed through a beat exchanger which heats the air leaviog the \ 
compresicr. Tbe temperature at ialci to tbe H P turbine is 650' C. and rtbeaiing beiwa 
turbine stages raises the temperature to 650* C. The gasa leave the heal exebanger 
a temperature of 200*C. Tbe isentropic efBcreney of each compresaor stage ci 0.85i a 
the isentropic effi ci encaq of the HP and LP lurbioei are 01$ and 0.68 respectively. Ta 
the mechanical effideocy of each tbah as 99%. Tbs air mass fiow ri 140 kg/i. Neglecti 
preuure losses aod changes in kinetk energy, and taking the specific heat of water 
4.19 U/kgK. calculate; 

<0 the power output in kilowaits: 

(ii) (be cycle cffidcncy; 

(iii) tbe flow of cooling water required for the ioiercoolen when the rise In wat 
icmpecature must not exceed 30 K; 

liT) <hc be.< .icbi.pT ibecn..l moo. ,25 j40kW; 3J.4S; 214 k|/.; ftSI 
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9.? In b |as turtuie pUat «ir cnicn a compre$io< at atmospheric conditions of 1S*C 
li)l})b4r aad is coaprened ihsoujh a pmiure rdo 10. The ait leaving the 
compressor passo UinMigh a heat cic^anier before entering the combustion chamber. 
The hot gases leave tbe combustion dumber at 800‘C and expand through an HP 
tmbirw »luch drives tbe cooipreuor. On kaving the HP turbine the gases pass through 
a reheat combustion chamber which ratses the tonperature of the gaaes to 800 'C before 
they aipaod ibrougb the power turbine, and iheoee to the beat exchanger where they 
flow ID countcr* 0 ow to the air kaviog the compressor. Uring tbe data below, neglecting 
the mass flow rate of fuel aod changes of velocity throughout, calculate; 
fl) the airflow rate required for a nd power output of 10 MW; 
lii) the work ratio of tbe cyck; 

fiii) the temperature of the air eoieriog the first combustion chamber; 
fiv) the overall cyck dSococy. 


04t» Isentroptc dfkkftcy of compressor. 80%; isentr^iic effiocneks ofHP and power turbine. 
87 and 85%; ***'^<**^> dfioeocy of HP turbioe-compresaor drive. 92%; rrvechanieat 
cflkiency of power turbine drive. 94%; tbennaf ratio of hut exchanger. 0.75; pressure 
drop DQ an skk of beat eaebanger. 0.125 bar; pressuie drop in hnl combustion chamber. 
0.100 bar; preuure drop in reheat combustioa dumber. 0 080 bar. pressure drop on gas 
side of heal cschaagcr. (LlOO bar. 

(91.0 kg/s: 0.25: 61 rC: 18.9%) 

8 J An opeiKyde gas turbine ptaoi is used to generate power in an oil refinery. The gas 
turbine uoii drives a generator whkfa supplies decuk motors of 2400 kW; the overall 
meduMcal and ekcincal dKdeocy k 92%. Some of the exhaust gas from the turbine 
it 5)0 X b supplied to a furnace in tbe relifiery at a rate of 2 kg/s: the remainder of 
the eihaust gas is m cotuiiet*flow through a beat exchanger where it beats the 
air kaving the compre s sor, and then to exhaust at 400*C, The compressor has 

4 pressure raiio of 8 and itw air at eniiy b at 1.01) bar and 20‘C, The pressure loss in 
iha air side of tbe beat exebaoger is 016 bar. tbe pressure loss in iJie combustion chamber 
is 0.12 bar. ihe preasnre loss in the gas ode of tbe heal exchanger is 0.05 bar. The 
beniropic effwieocies of ibe eompressor and turbine are 0.85 and 0.92 respectively. 
Neglecting heat losses in tbe heat eiclungef, and the mass flow rate of fuel, calculate; 
li> tbe mass flow rate of air entering tbe compressor: 

(ill tbe temperature of the air eniericg the combusiioo chamber: 

4ill) ibc orerall cycle effleiency. 

fia62 kg/s:42l.0*C; )4.2%| 

M A closed<yek gas turbioe plani usutg hehum as the working fluid is proposed for ab 
eiperimenial nudear reKtor. Tbe hebum is compretsed la two stages with an intercooler 
between stages. Before passing through i beater where it Is beaied externilly by the 
reactor coolant, the bebum is pre*heated In a beat exdtanger where U u in counier^flow 
with the helium kaving the turbiot Tbe hdium leaving tbe turbine k cookd in the beat 
eiehabger before passing ibrougb a cooler where it is cooled by cooling water to the 
required inki temperature to the coopeessur, and the cyde k com|dete. tiling the data 
below, calculate tbe overall cyde dBcieocy. 


04la Pressure and temperaiare at eniry to the fml c oi upr e s sor. 18 bar and 30'C; pressure 
ratio for each compressor. 2; temperature of hdiuo kaving tbe utercooler. 30 *C: 
temperature of bebuia. entering tbe lurtcne, 800’C; iseniropk effkiency of each 
compressor. 0.83; isemropk eflideocy of tbe turbine. 0.86: effectiveaess of tbe beat 
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excbanter. OJO; pramn lots w a percgAtage of the aki pnature to each compooeat: 
ioterceofer aotf ostcmal cookr. I %; eadi ade oi heat exchaapr, 2%: extenial heater. 
3%. Take 7 (ot heSum at 1.664 

024 %) 
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Nozzles and Jet Propulsion 


A nozzle ii a duel of imoothly vaiying cross-MClional area in which a iteidily 
flowing fluid can be made to accelerate by a pressure drop along Ibe duct. 
There arc many applicallons in practice which require a high-velocity stream 
of fluid, and the nozzk is the best means of obtaining this For eumple, nooles 
are used in steam and gas turbines, in jet mgines, in rocket motors, in flow 
measurement, and in many other applications. When a fluid is decelerated in 
a duct causLcg a rise in pressure along the stream, then the duct is called a 
d^iaer; two applicatioos in practice in which a diffuser is used are the centrifugal 
compressor and the ramjet 

The analysis ptesenled in this chapter will be restricted to one-dinenifonul 
^OH'. In one-dlnsensioaal flow it is assumed that the fluid velocrty. and the fluid 
properties, change only in the direction of (be flow. This means that the fluid 
velocity is assumed to remain constnnt at a mean value acrots Ibe cross-section 
of (he duct The eflects of friction wiU not be analysed hmdamentally, suitable 
eflicieodes or coefficients being adopted to allow for the departure from the 
ideal frictionless case. The aoalysii of fluid flow involving frietion has beeome 
of iocreaiing importance due to the devdopment of the turbojet the ramjet 
and the rocket, and the inlroductioo of high-speed flight For a fuDdamentil 
approach to the topic a itudy of fluid dynamics is required, and the reader is 
recommended to books on gas dynoincs, such ti tcL 10 . 1 . 


10.1 Nozzle shape 


Consider a stream of fluid at pressure p|, enthalpy ft,, and with a low velocity 
C,. It is required to find the shape of duct which will cause the fluid to accderale 
to a high velodiy as the pressure falls along the duct It can be assumed that 
the heat loss from the duct is neghgibly (mall (iq. adiabatic flow. Q • 0), and 
it is dear that no work is done on or by the fluid (ia. iF • 0> Applying the 
steady-flow energy equation. (1.10), between section I and any other section 
X-X where the pressure is p. (he euthalpy is K aod the velodly it C. we have 
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it C*-2(»t,-M4C{ 

or C-v'(*(*i-M + c;i (lai) 

ir the area at ihe scciion X-X ii A, and the specific volume is e, then, using 
cquaiiofl (I.III 

Mass flow, ih m 


or Area per unit mass flow, — • ^ 

A c 

Then subsiiiuiingror Ihe velodly C. from equalion (10.1) 


(ia2) 


Area per unil mass flow •(10.3) 

l( can be seep from equation (10.3) that in order to And the way in which 
the area of the duet varia it i$ oeceuary to be able to evaluate the speciflc 
vcriume, <*. and the enthalpy, h. at any seciioa X-X. In order to do this, sone 
ioformation about tbe process undersone between section I and section X-X 
must be knowtL For the ideal fnctiookss case, since the flow is adtabaiic and 
reversible, Ihe process undergone is an isenlropic process, and hence 
s^ s (entropy at any section X-X)«« a» say 

Now using equalion (1(X2| and the fact that a, » s, it is possible to plot tbe 
variatioQ of tlW cross^sectionaJ area of the duct against the pressure along tbe 
duct. For a vapour this can be dorse using tables; for a per(ect gas the procedure 
is simpler, since we have pr' » constant, for an iseniropK process. In either 
case. cboosiAg fljted inlet cooditioos. then the variation to the area. 4. the 
speahc volume, r. and the vdodiy. C. can be plotted against the pressure along 
the duct. Typical curves are shown in Fig, lO.I. It can be seen that Ihe area 
decreases initially, reaches a minimum, and then increases again. This can also 
be seen from equatioD (10.2), 


Area per unit mass flow 


C 


Fig 10.1 
CrosS'MctiDnsI 
area, velodly, snd 
ipedfic volume 
variations with pranure 
through a nozde 
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10 J Critical prcMurc ratio 



Fi|. 10.2 Croi>*Mction 
throu|h ■ 

wnver|cm - dl v«r|ent 
nozzle 


10.2 



Fl|. 1(13 

Convergeni‘divergeni 
nonie 



Fl|. 10.4 lolel secuon 
of a nook 


When r increases less rapidly than C then (be area decreases; when v increases 
more rapidly than C. (ben (be area increases. 

A nozzle, (he area of which varies as in Fif. 10.1. u called a converge/u~ 
dittrgtnt nozzle. A cross-section c( a typical conver 0 eni-divergent nozzle is 
shovrs in Fi^ lOJ. The section of minimum area is called the throat of the 
Aozzia It will be shown later in section lOJ ihai ihe velocity a( ihe throat of 
a noBk operating ai its designed pressure ratio is the velocity of sound at the 
throat conditions. The flow up to ihe throat is subsontc; the flow after the throat 
is upersonie. It should be noted ihai a sonic or a supersonic flow requires a 
diverging duct lo acceleraie iL 

The specifle volume of a liquid b constant over a wide pressure range, and 
therefore no&les for liquids are always convergent, even at very high exit 
velocities (e.$. a fire-hose uses a convergent nozzle). 


Critical preasure ratio 


U has been slated in section 10.1 that the velocity at the throat of a correctly 
designed nozzle b the vdocaiy of sound. In (he same way, for a nozzle (bat is 
convergent only, then the fluid will attain sonic velocity at exit if the pressure 
drop across (he nosie is large enough. The ratio of (be pressure at the section 
where sonic v'riodty b attained to (be inld pressure of a nozzle b called the 
eritital pressure rtaio. Cases in which no^es operuie off the design conditions 
of pressure will be considered in section 10.4: in what follows it will be assumed 
that the nozzle always operates with its designed pressure ratio. 

Consider a convergent-divergent noak as shown in Fig. 10.3 and let the 
inlet conditions be pressure Pt. enthalpy . and velocity C]. Let the conditions 
at any other section X-X be pressure p, enthalpy h, and velocity C 

In most practical applications the velocity at the inlet to a nozzle is oe^igibly 
imatl in comparison with the exit velocity. It can be seen from equation { 10 . 2 X 
/4/rh s v/C. that a negligibly small velocity implies a very large area, and most 
nozzles are in fact shaped at inlet in such a way that the nozzle converges 
rapidly over the first fraction of its length; thb ii illusiraled in the diagram of 
a noale inlet shown in Fig. 10.4. 

Now from equation (10.1) we have 

C-V|2(*,-*) + Cfl 
and tMglecdnf C, thi, (Ives 

(10.4) 

Since enthalpy U usually eipressed in kilojoules per kilogram, then an additional 
constant of 10’ will appear within the rooi sign if C is to be expressed in meires 
per second. 

Then, substituting from equation 1 10.4) in equation (1<12K we have 


Area per uoil mass flow. — ■ — ■ , 

m C 7{2(Ji,-MI 


(10.5) 
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As sealed in leaion I0.I the aiea can be evaluated at anji section where the 
pressure b p, by assumins that the process u beniropic (ie. j, > s). When this 
b done for a series of pressures, the area can be plotted against pressure along 
the duct, or against pressure ratio, and the crili^ pressure can thus be found 
graphically. For a perfect gas it is possible to simplify equation (I0.S) by making 
use of the perfect gas laws. 

From equation (lit). A • c,r for a perfect gas. therefore 
Area per unit mass flow rate * 




From equation (IS), c • ftT/p, therefore 
Area per unit mass flow rate > 


*r/p 


Jh’-'i’-Bl 

Let the preuuie ratio, p/p i. be x. Then usiog equation i for an Ueatropic 

process for a perfect gas 

_^T-ivr 


i.fir 

T. \P,/ 


Substituting for p = ip,. for r-T, and for T/T, - a"'"", we have 


Area per unit mass flow rate > 


p.»V(Je,T.(l 


For fixed inlei condilioas fie. pi and T, fixed), we have 

-Ir-ll 

Area per unit reass flow rate = constant x 


- constant x 


I 


x’-Vd-*"'"") 

constant 




therefore 


Area per urbt mass flow rate: 




(IM) 


To find the value of the pressure ratio, x. at which the area b a minimum it b 
necessary to differenliaie equation (10.6) sritb respecs to x and equate the result 
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to zero, Le. br minitiimn area 

IJ_!_l-o 

Hence tbe uca ii t mititmum when 

xH>»l»rI-l-l>nr)»l - ^ 

7+1 


iberefoie 


I 2 \>»-" 

« / 2 Nr"’-” 

Le. Critical pressure ratio, — BI-| (10.7) 

Pi \7 + V 

It can be seen from equation (10.7) that for a perfect gas the pressure ratio 
required to attain sank velocit)' in a nozzle depends only on ibe value of y for 
the gas. For exainpie, for air 7 s 1.4, Iberefore 



052(3 


Hence for ait at 10 bar, say, a convergent nozzle requites a back pressure of 
5.2(3 bar, in order that the flow should be sonk at exit and for a correctly 
designed convergeoi-divergeol nozzle wttb inlel pressure 10 bar, the pressure 
at iIm throat is SJ(3 bar. For carbon dioiide, 7 • 1.3, therefore 



0.5457 


Henceforcarboo dioxide at 10 bar, a convergent nozzle requirei a back pressure 
of 5.457 bar for took flow at esil. and the preuure at the throat of a 
c on vergent-divergeni nozzle with inlet pressure 10 bar is 5.457 bat. 

The ratio of the temperaturt at the section of the nozzk where the vdodty 
is took to Ihe inlet teinperaiure b called the critical temperature rulla, 

T ft Y’**’'’ 2 

Critical temperatute ratio, ^ — I - 

T, Vpi/ 7+1 


Le. 


i J- 

T, 7+1 


( 10 . 8 ) 


Equations (107) and (lO.B) apply to perfect gases only, and not to vapours. 
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However, ii it fouod ibal a sufficieotly dose approximaiioD is obtained for a 
steam nozzle if it is atsumed ihai ibe eipansion follows a law (te* a constant. 
The process is assumed U> be isentropic, and therefore (he iodex Ic is an 
approximate isenlropic index lot steam. When the steam is initially dry 
saturated then k m 1.135; when Ibe steam is initially superheated then ii • 1,3. 
Note that equation |I0,S) cannoi be used for a wet vapour, since no simple 
relationship between pand Tis known fora wel vapour undergoing an isenlropic 
process. More wiQ be said of this in section lO.d. 

The critical velodiy at the throat of a nozzle can be found for a perfect gas 
by substituting in equation ( 10 . 11 , 

ie, C.-V<«»i-*) + C}> 

Putting C, -0, as before, and uaiiig equation (2.15) for a perfect gas. k - e,T, 
we have 

C. - v'lfcrlT. - r.)) - y{2e,r.(^- l)} 


From equation(105I.r«/Ti-2/<y-f I). hence 


Also, from equation (221), 


vR 

(7-1) 


or 


e,(7- M- 7* 


Hence subslilulin^ 

C. - yJiyRT.) 

ie. Cribcai vclodiy. r, s ^(yRT^I (10.9) 

The criikal vdocity given by equation (10.9) is the vclodly at the throat of a 
correctly designed convergent-divergent nozzle, or the velocity at the exit of a 
convergent noate when the pressure ratio across the nozzle is ibe critical 
pressure ratio. 

It can be shown that Ibe critical velocity is the velodiy of sound at the critical 
conditions. 

The vdodty of sound, a. is defined by the equation 

T dp 

a' - — at constant entropy 
dp 


where pis pressure and p b the deosiiy. A proof of this expression can be found 
in ref. I(L2 

Now p M I/p, where e is the specific volume, 
dp * d(l/e|« —; de 
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Exampio 10,1 


Solution 


Fl|. lOJ 

Conver|esii'diver|Cfil 
nozzle for Eumple lO.l 


Hence 



For a perfect gas undergoiog an isenlropic process, pc' •• constant. 
K 


whm K is coutaot, therdbre 

dp rK 

4v~ e’*' 


Therefore substituting 



Also. K - pr'. hence 



ypr 


Le. Veloczly of sound, a —^(7pc|> (10.10) 

It can be seen that the critical velocity of a perfect gas in a node, as given by 
equation 110.9), is (be velocity of sound in the gas at the critica] temperature. 
Equations (10,9) and (10,10) cannot be applied to a vapour; however, if an 
approuinate isenlropic law, pr* - constant is assumed (or a vapour, then (he 
critical velocity can be taken as C, - ^(kpc). (Note that for a vapour (he 
critical velocity canned be expressed in terms of the temperature.) It is usually 
more convenieol to evaluate the critica] velocity of a vapour using equation 
I10.4XC, - v -h,)}. where (h, - h,) is the enthalpy drop from tte inlet 
to the throat which can be evaluated from tables or by using an fi-r chan. 


Air at S-dbar and 190'C expands at the rate of 4.Skg/s through a 
eonvergenl-divcrfcat node into a space at 1.03 bar. Assuming that the inlet 
velocity is negligible, calculate the throat and the exit cross-sectional areas 
of the nozzle. 


The nozzle is shown diagrammatically in Fig 10.5. From equation (10.7) the 
critica] pretsure ratio is given by 




0.5283 


Le. p, m a5283 x g.« - 4.543 bar 
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Also, from equation (ICLB) 

± 

T, 7+l“u 

From eqiuriOD (Z.5) 


Xr, :ST K 3g5.t 


-0J44inVlcK 


• h 10’»4.MJ 
AUo. trom oiiutioa (109) 

C, - y/fyRT,) - V(U X 287 x 385J) • 393.7 m/i 
(or rrom «qu*(ioo(l0.4) 

C.-v'{2()..-M!-^{2e^r.-T,)) 

U. C. • y/{2 X 1.005 X I0’(463 - 385.8)} • 393.8 n/i] 
To Esd tbe *na of ihe throat, uaing equadon (1.11), we have 
ito. 4.5 X 0.244 


A,-- 


C. 3917 
ia. Area of throat - 0,002 79 x I0‘ 
Usisg equation (321) br a perfect gar 


0.00279 m’ 

2790 mm’ 


?> (**)’ 

Tj \m) 


< U34 


■a. 


T,- 


463 


-252JK 


1.834 

Then from equation (25) 

XT, _ 2 87 X 2525 
Pt 


p, I 


-a7036 m’/kf 


(O’ X 1413 
AUo, from equation 110i4) 

C,-,/{2(*,-*,))-Vl2c>?‘.-r,)| 

■a. C2-VI2 x I'OOS X 10>(463 - 2525)) >650.5 m/I 
Then to Rod the exit area, luing equation (Ml) 


ia. 


(to, 4Jxa7036 
’ " C, " 63a5 

Exit area-0004 87 x 10* 


-0.00487 m’ 
4870 mtn’ 
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10.3 Maximum mass flow 

Couidcr a convergcat nozzk aipaoding into a space, (be pnuuie of which 
can be varied, whik the inlet pressure remains fixed The nozzle is shown 

diagrammatkaU)' in Fig. 10.fi. When the back pressure, Ps> is equal to p,, then 
no fluid can flow through the nozzle. As Pi is reduced the mass flow through 
(he nozzle increases, since (he enthalpy drops, and hence the vdodiy. increases. 
However, when the back pressure reaches the critical value, it is found that no 
further reduction in back pressure can aflect the mass flow. When the back 
pressure is exactly equal to the critical pressure, p,. then the velocily at exit is 
sonic and the mass flow through (he nozzle is at a maxiinum. If the back 
pressure is reduced bHow the critical value then the mau flow remains at (be 
maximum value, the exit pressure remains at p,. and the fluid expands violeniiy 
outside the sMzzle down to the back pressure. It can be seen that the maximum 
mais flow through a convergent nozzle is obtained when the pressure ratio 
across the nozzle is the critical pressure ratio. Also, for a convergent-divargeni 
nozzle, with sonic velocity at the throat, the cross-sectional area of the throat 
fixes the mast flow through the nozzle for fixed inlet conditions 


FIgi l(U Coa*PT^iit ) 



nozzle wilh 

backspreuure vahaiion 

' ■ fi, 


hd ^V«|vc 

«« 1 p pm»u3e 


1 



When a nozzle operates with (he maximum mate fiow it b said to be choked, 
A correctly designed convergeni-divergenl nozzle is always choked. 

An altcmpi can be made to exidnin (be phenomenon of choking, by 
considering the vdodly of any amall disturbance in the stnam. Any small 
disturbance in ibe flow Is pn^gtted as small preuure waves travelling al the 
velocily of sound in the fluid in all directions from the centre of the disturbance. 
This is Ulutiraled in Fig. 10.T; (he pressure waves emanile from poinl Q at the 
valodiy of sound reblive to the fluid, n. while the fluid mova with a velocity, 
C. The abaolute velocity of the pressure waves (ravelliog back upstream it 
Iherafore given by (a - O Now when (be fluid velocily is subsonic, then C < a. 


ng, 10,7 Propagation 
of I small disturbance 
la a Aowini fluid 
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and the pcnsufc waves cas move back upstream: however, whes the flow is 
sonic, or supersonic (Le. C ■ o or C > n), then the pressure waves cannot be 
(ransmitled back upstream, h foDows Irom this reasoning that in a nozzle is 
which sonic velocity hat been aitaioed no alteration in the back preuure can 
be transmitted back upstream- For example, when air at 10 bar expands in a 
nozzle, (he critical pressure can be shown to be 5Jfl3 bar, When the ba^ pressure 
of the nozik is 4 bv, uy. then the nozzle it choked and it passing the maximum 
mass flow. If the back pretsuie it reduced to I bar, tay, the mats flow through 
the nozzle remaiiu unchanged. Even if the air were allowed to expand into an 
evacuated ipace, the mass flow would be no greater than that through the 
nozzle when the back preuure it J.2S3 bar. 


Exampla 10,2 A fluidat 6.9 bar and 93'Centenacoovergeot nozzle with negbgiblevelociiy, 

and expands itentropically into a space at 3.6 bar. Calculate the man flow 
per square metre of exit area: 

|i| when the fluid u helium (r,w S.I9kJ/k|K): 

(ii) when the fluid it ethane (c, - I.S8 kJ/kg K). 

Auume that both helium and ethane are perfect gases, and take (he respective 
molar masses at 4kg/kino1 and JOkg/kmoL 

Solution |i) It is necessary first to calculate tbe critical pressure in order to discover 
whether tbe noz^ is choked. 

From equation (2.9); R — Rim. therefore for helium. 

j{ _ _ 2079N m/kg K 


Then from equation (2.22) 


U. 




T< 

(Tr>* 


T-1 R 2079 
7 "e," 10* K 5.19 


therefore 


04 


7 


I 

1-04 


1.667 


Then using equation (107) 

£i (J-Y'"’- 

P, ';7+l/ 

Le. p,- 04t7 X 69 bar 



0.487 


le. Critical pressure p, • 3.36 bar 

The actual back pressure ia 3.6 bar. hence in (hit case the fluid does not reach 
the critical conditions and tbe nozzle is not choked. 



10,9 MAximum moM fl0w 




6.9 bv 

Fit- Convergent 
noule with helium Tor 
Eumpk 10.2 



Fig. 10.9 Convergent 
no^e with ethaiw for 
ExAOiple 10.2 


The nozzle is sbow'o diagramreaiically in Fi^ 10.8. 

Using equation (3.21) 

.-er— 

Then from equation ( 10.4) 

i.e. C, - v'|2 X X 10’(366-»12)| •9U7m/s 
Also, Iron cqualinn I2.S) 

RT, 2079 X 2812 
" Pj ’ 10’ * J.6 
Hence fconi equation (1.11) 

A,C, 1 X 9317 


l.63m’/kg 


rk 


IJS3 


3713 kg/s 


le. Mass flow per square metre ol exit area = 5713 kg/s 
(ti) Using ibe same procedure for ethane, we have 

R = 277.1 N m/kg K 

m 30 


and 


7-1 

7 


1-0.147 


277.1 

10’ X 1.88 

1.172 


= 0.147 


Then 


.057 


£s ( ^ V'" /'-LV”*' 

P."\7 + l/ “Ul72/ 
p. - 0J7 X «.9 bar 

ia. Critical pressure, p, = 3,93 bar 

The actual back pressure is 3.4 bar, hence in this caw the fluid reaches critical 
conditions al art and ihe noizk is choked. TTk expansion from the exit pressure 
of 3.93 bar down to the back pressure of 34 bar must lake place outside Ihe 
nozzle. 

Tbe nOQie is shown diagrammaiicall}' in Fig. 10.9. 

Since the noolc is choked, from equation (10.8) we have 


t; 2 

t.'t+i 


2 

1172 
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Also, from equaiion 110.9) 

Cj - C. - VCvilT.) - X 27’1 X 3J7) - 331 m/I 

From equalion(2.Sl, 

RT, 277.1 «■ 337 


“ p, “ 10* K 3.93 


• 0238 m*/kg 


Th«n using uquBlioo M.l I) 

^ _ -<»C» _ 1 X 331 
” r, " 0/238 
Le. Mass flow per square metre of eiil area - 1391 kg/s 


■ •1391 kg/s 


10.4 Nozzles off the design pressure ratio 

when the back pressure of a nozzle is below the design value the noale is said 
to loiderezpoi^. In underespansioQ the fluid espands to the design pressure in 
the noale and then eipaodsvioleally and iireversibiy down to the back pressure 
on leaving the nozzle (e.g. the norele in Hzample 102)111 shown in Fig. 10.9 Is 
underexpandingk 

When the back pressure of a noale is above the design value the nozzle is 
said 10 mtmpani. In ovcreapausioa in a convcrgcoi nozzle the enit pressure 
is greater than the crilicnl pressure and the eflixt is to reduce the mass flow 
through the nozzle. In overespnosioo in a eonvergeni-divergeni nozzle (here 
is always an expansion followed by a recampreislon. The two types of nozzle 
can be considered separately. 


Convergont notzia 

The preuure variatioiis of a fluid flowing through a convergent noale are 
shown in Fig 10.10. Assuming (hat the design back pressure is the critics] 
pressure, p,, then when (he back pressure is above this value the nozzle Is 
overexpanding as shown by hire (ij. and the mass Row is some value below 
the maximum. When the back pressure h equal to the cnllcal pressure the 
expansion follows the line Ibk the nozzle is choked, and the mass flow is a 
maximum. When the back pressure is below (he critical pressure the expansion 
in (he nozzle still follows the line (bk but (here is an addili'inal espansirm from 
p, down to the back pressure, pu- outside (he nozzle. It can be seen from 
Fig lOlO that in the expansion outsxSe the noale the pressure osdllates 
violently, and in bet a shock wave is formed. In this latter case the nozzle is 
underexpanding 
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Fig, 10.10 Pnuure 
variarioDs for flo* 
chrougb t oonwgDt 
QOBle 



Convergent-divergent nozzle 

The presfucevsriatioosofa fluid flowing through a convergeni-divergent nozzle 
are shown in Fig. 10.11. When the mass flow through ihe nozzle is very low. 
the pressure at the throat of the nozzle u well above tbe cntica] pressure and 
therefore tbe divergent ponioo acts as a diffuser, as shown by line (a) in 
Fig 10.11. The nozzle is then acting as a veoiunmeier. 


Fig 10.11 Pressure 
variatioas for flow 
through ■ 

convergent -di vtrgent 
nozzle 
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When the back pressure is above (be design value al some value, p,. u shows 
in Fit l(kll, then (be fluid expands rrom p, dovm to point Q and is (ben 
recompressed along line (bk Whenever a supersonic stream is decelerated a 
shod! wave results, and hence the recompression process ol line (b) it an 
irreversible compression ihrougb a shock wave, Both (a) and (b) ate cases of 
overexpanslon. 

When the back pressure b below the design value. p|, then there is an 
expansion outside the nonle as shown by line (e). The nozzle is (hen 
unidcrexpanding and the expansion outside the nozzle consists of a series of 
irreversible compressions through shock waves, ajiernated with irreversible 
expunsions, until the back pressure b reached. 


10.6 Npzzle efnesenev 

Due to frsciioo between the fluid and the walb trf the nozzle, and to friction 
within the fluid itself, (he expansion process u irrevenible, although still 
approximately adiabatic In nozde design it is usual to base all calculations on 
iscnltopic flow and then to make on allowance for friction by using a coeffident 
or an efficiency. Typical expansions between p, and p^ in a nozzle are shown 
on a T-s diagram in Fig. IO.I2la) and (b| for a vapour and for a perfect gas 
respectively. The line I -2s on each diagram represents the ideal iscntropic 
expansion, nod (he line I -2 represents the actual irreversible adiabatic 
expansion. 


Fig 10.12 Nozzle 
dtpaosioD pfoceues for 
A vapour(a) aad a 
perfect gas (b) on a T-s 
diagraro 




The efficieivy is defined b> the miio of the Ktuat enthalpy drop to 
ihe nentropjc enthalpy drop between the same pressures. 


Le. No£ 2 )e eRkieocy • ——^ 

*1 “ *j» 

For a perfect gas ibis equation reduces to 

Nozrie eflkierwy » ^ s ^ 

Cf(Ti — r, — 


( 10 . 11 ) 


( 10 . 12 ) 
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Itlbe octual velocity at exit from the nozzle b Cg.aiid the velocity at exit tvheti 
the flow u beniropic u Cj,. ibeo usiag the steady-flow energy equation in each 
case we have 




Therefore substituting in equation (10.12) 


Nozzle eStebney 


Cl-Cl 

cu-cl 


When the inlet vdoaly. C|, u ne^gibly small then 


Nozde efficiency = 


£1 

CL 


( 10 , 1 » 


(10.14) 


Sometimes a velocity coeffidenl b defined as the ratio of the actual exit 
vdocily to the exit velocity when the flow b isentropic between the same 
pressures. 


• Le. 


Velocity coeflicieni = ^ 


(1015) 


It can be seen from equatioDS (10.14) and (lOlS) that the velocity coeflicient 
b the square root of the nozzle efltciency. when (be inlet velocity b assumed 
to be negligible. 

Another coeflicieni which b frequently used b the ratio of the actual mass 
flow through the nozzle, m. to (he mass flow which would be passed if the flow 
were isentropic, tfi,; thb b called the coe^cienr qf dischargt, 


U. CoefBoent of discharge - — (10.16) 

m, 

If the angle of divergence of a convergent divergent no&le b made too large, 
then breakaway of Ibe fluid from Iheduct walbb liable to occur, with consequent 
increased friction losses. The included angle of a divergent duct b usually kept 
below about 20'. It follows that for a given pressure ratio across a 
eonvorgmi-divergeni noaale the divergent t>orl»on must be long compared to 
the convergent portion. Now because the divergent portion of the nozzle it 
comparatively long, and since a diverging flow b more susceptible to losses, 
and (he velodliea in Ihb portion arc higher, it follows that the bulk of the 
friction losses occur in the divergent portion. la fact it b sometimes assumed 
(hat all ihe friction losses occur after the throat of the nozzle. This lalter 
assumption lm|flies that Ihe coeflicieol ofdbcharge b unity, since any fricliun 
after Ihe throat cannot affect the mass flow through a noole which b choked. 

Nozzles in practice are used with a variety of shapes and cross-sections. The 
cross-section can he eiiber circular or rectangular, and the axb of the nozzle 
can be straight or curved. A lyincal circular section, straight axb nozzle b 
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nt. 10.13 Typical 
circular accUon 
nozzle It) and curved 
alia steani noaks fb) 


ExampI* 10.3 


Solution 



ihown ID Pig. 10.13(t), and t Mriet of typical plaie-iype, curved-axia steam 
nozzles is shown io Fig. 10,13(b). 


Gates expand b a piopulaioa nozzle from 3.Sbar and 425*C down to a 
back preasiire of 0.97 bar, at the rate of 18 kg/a. Takbg a coeffideiit of 
discharge of 0.99 and a nozzle efficiency of 0.94, calculate the required throat 
and exit areas ofthenozzIcFortlie gases take; > 1333 and c, ^ 1.11 kJ/kgK. 
Assume that the inlet velocity is negligible. 


The critical pressure is given by equation (107) 
£• / 2 
Pi‘\7+I/ “I 2333 J 

LC. p, - 0$4 X 33 bar 
Le. Critical pressure = 1.89 bar 


• 034 


The nozzle is therefore choking and a convergent-divergent nozzle is required. 
The mass Bow is deiennioed by the throat of the nozzle. Using equation (10.8) 


r. 2 I 
T,~ 1* I “l.I«3 


423 T 273 
1-1665 


398.4 K 


Then from equalioa (104) 

C.-v'(2(»,-«i,)}-v/2(e,(r,-T.)) 

Le. C. - V12 » 1.11 * 10’(698 - 598.4)} - 470.3 m/s 

(Note Ihai C, can also be found using equation (10.9) C, •• ,/(;Rr,).) 
ThespeciBcgasconsunl. R.fot the gasescan be found from equalinn 12.22) 


„ cj;-l) l-ll X 10* K0J33 
" r “ 1.333 

U, R = 2773 N m/kg K 
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F^. m.U T~S 
diagram for 
Example 10.4 


Then fram equacioo <2.S| 
Rr, 277J * 59M 


0.878 m^/kg 


* p, 10’ X 1.89 
Now ihc Ria&s Dow Cor isenlropic Aow, is given frara equation (10.16) as 

a99-- l.e.i«.- —. ]8.l8kg/i 

Then using equation (III) 

...!^-lHi^-a0339™.> 

i.<. Throat area ■■0.0J19 in’ 


For an isenlropic expansion from the inlet conditions down to the back 
pressure, the temperature caii is 7^, given by equation (3.21) 



therefore 


T, 


698 

1.378 


506.6 K. 


The expansion is shown on a T-s diagram in Rg 10.14. line 1-c-Is representing 
the isenIro|MC espansioa and line 1-2 representing the actual expansion. 



From equation (10.12) 


- _ . — —. Ti “ 7j 698 “ 7* 

Nozzle eibciency - 0.94 > -1-6 •-!_ 

r, - 698 - 506.6 

le. r, - 698 - 0.94(698 - 506.6) - 698 - 180 - 518.1 K 
Then from equation (2.5) 


RT, 277.3 X 518.1 
TT” 10’X 057 


l.48m’/kg 
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Also from equstioo (10.4) 

° 10’(698 - StS.D) -632m/s 

Tbcs jubsiltulingin equation il.ll), 

C, 632 


It should be noted that in Euni[^ 10.3, the critical pressure, f, • 1.89 bar, 
is the pressure at the ibroal of the nozzle when the flow is iscnirople The actual 
conditions at the nozzle throat are unknown, since no Information is given 
about the proportion of the friction losses which occurs in the convergent 
portion. In order to allow for the friction present in the convergent portion 
ihecoeflicieDi of discharge has been used. If the flow to the throat is isenlropic the 
coeflioeot of discharge is unity. 


10.6 The steam nox 2 le 


Tbe properties of steam can be obtained from tables or from an h-s chart, but 
ID order to find the critical pcessure ratio, and hence the critical velocity and 
the maximum mass flow rate, approzimale formulae may be used, ft is a good 
approiimalion to assume that steam follows an iseotroptc law pe* ■ constant, 
where k is an isentropic indei for steam. (Allhou^ k Is an isenlropic index it 
is not a ratio of specific heats.) For steam initially dry saturated, k * 1,135; for 
steam initially superheated, k • 1.3 
Equation (10.7) can he re-written as 



(10.17) 


Therefore when the iieam entering a noale is dry saturated 


ft 

Fi 



l.tMlO.ISS 


0.577 


and when the steam entering a noak is superheated 



0.546 


The temperature at the throat, i.e. (he critical temperature, can be found from 
steam tables at the value of p, and s. >4,. The critical velocity can be found 
as before from equation |10 l4) 


C..V|2(8.-M} 


where Ag is rcaH Froic or (be h^s chart a( p, aad 
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10,6 Thft tt^im nozzle 


The ox of steam initiall]' supethcaicd upanding into the vki region requires 
special irealmeni and is considered laler. 

For iseniropic fkw, since edp-dA and ep''* > 00051301 . we can write 
between any two stales t and 2: 



-(!/*!+ I 


{pi' 




i«. 


'll -'ll* -PjCzl 


Cj-C? 


( 10 . 18 ) 


Example 10.4 Estimaie the cniical pressure an4 (he ihriMi area per unit mass flow rate of 
a convergent-divergeoi nosle eipandini steam from 10 bar. dry saturated, 
down to aimospherfc pressure of i bar. Assume that the inlet velocity is 
negligible and that the expansion »isentropic. 

Solution Using equation < 10.17) 

_) =5.77b.r 

From the h-s chart at 5.77 bar and oo a vertical line below point I at 10 bar 
dry saturated, we have 

(i.>2675U,kg and x,> 0.962 

e. = a9e2 x|r,at 5.77 bar) 

Interpolating from tables at 5.77 bar we have r, s 0.328 m^/kg. then 
c. - 0962 X 0.328 > 0316 mVkg 
From equation < 10.4) 

c. - VlZfAi - \)) - v/{2(2778 - 2675) x 10’) 

- 454 m/s 
or 

V(I.I35 X 5.77 x 10’ x 0316)-4SSm/i 
Then lulag equation (1.11) 

4/m > e/c-0.316 x I0*/454 - 696 mm’ 

U. Throat area per kilograin per second > 696 mm’ 


Supergaturatlon 

When a superheated vapour expands iseniropically. condensation within the 
vapour begins to form when Ibe saturated vapour line is reached. As the 
expansion continues below this line into (he wet region, then condensation 
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Fit. 10.15 Superheated 
fleam eipaadint into 
the wet region oq 
( a) r-j aod(b)A-i 
diagram 




pfoc w da gfadually and the dryness fraction of the steam becomes progressively 
smaller This is illusiraied on T-sand A-r diagrams in Figs IO.IS(a) and (b^ 
Point A represents the point at which condensation within the vapour just begins. 

Ii is found that the expansion through a nozzle takes place so quickly that 
condensation within the vapour does not occur. The vapour expands as a 
superheated vapour until some poioi at which condensation occurs suddenly 
and irreversibly. The point at which condensation occurs may be within the 
noole or after the vapour leaves the nosle. 

Up to the point at which condensation occurs the state of the steam is not 
one of stable equilibrium, yet it is not one of unstable equilibrium, since a small 
disturbance will not cause condensation to commence. The steam in this 
condition is said to be in a awrosroMe store; the introductiou of a large object 
(e.g. a measuring instrument) will cause condensation to occur immediately. 

Such an expansion is called a saipersorurored rxpaarion. 

Assuming iseoiropk How. as before, a supersaturated expansion lo a noste 
is represented on a T** r and aah-s diagram in Figs 10. ld( a) and (b) respectively. 
Line 1-2 on both diagrams represenii the expansion with equilibrium 
throughout (he expansion. Line 1-R represents supersatunied expansion. In 
supersaturated expansion the vapour expands as if the vapour line did not exist, 
so that line 1 -R intersects the pressure line pj produced from the superheat 
region (shown chain<dotted). It can be seen from Fig IO.I6|a) that the 
temperature of the supersaturated vapour at pj is ta, which is leu than the 
saturation temperature /{. corresporKling lo p^. The vapour is said lo be 


Fig. 10.15 
Superuturated 
expansion of fleam on 
(a»r-s and (b»A>i 
diagrarai 
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10.1 stMm noal* 


Fl(. 10.17 Eouilibhiun 
and $kipeTsaiurai«d 
eipaosioD processes on 
A p-v diagram 


ExBmpIs 10.6 


zupercooM and ibe dtgrtt ^ suparcoolrfi^ it given by — iti- Sometimes a 
ilegrn of aptruiuraiion is defined as the ratio or the aeliial pressure p, to the 
saturation pressure corresponding to the lemperature i,. 

It can be seen Crotn Fig. lO.IbibI that the enthalpy drop in supersaturated 
flow (h, - h,) is less than the enthalpy drop under equilibrium conditions. 
Since ibe veloeily at eait. C,. it gisen by equation (10.4). C, w ~ 
it follows that the eait veloeily for supenaturaled flow is less than that for 
equilibrium flow. Nevenhdets. the dIRerence in the enthalpy drop it small, and 
since the square root of Ibe enthalpy drop is used In equation (10.4), then the 
effect on the eill vdodty is small 

If Ihe approaimations for isenlroic flow are applied to the equilibrium 
expansion, then forihe process iUuslraled in Figs 10. Ibfa) and (bl.lhe expansion 
from I to A obeys Ihe bw pr' ^ ■ constant, and the expansion from A to 2 
obeys the bw pe'• coasuoL The equilibrium expansion and the 
supersaturaled expansion are shown on a p-v diagram in Fig 1017, unng the 
same symbols as in Fig lOId. It can be seen from Fig 10.17 that Ibe specific 
volume at exit with supersaturated flow. Ua, is considerably less than the 
spedfle volume at exit with equilibrium flow. e,. Now the mass flow through 
a given exit area. A,, isgivoi by equation (1.1 IX >4- for equilibrium flow 

djCj 




and for supersaturated flow 
ih 

It has been pointed out ihei C, and Ca arc very nearly equal; therefore, since 
Pa < Vf It fi^ows that Ibe mass flow with supersaturated flow is greater (han 
the mass flow with equilihrium flow. It was this bet. proved experimentally, 
that led to Ibe discovery of the phenomeiMin of supersaiuralion. 

A coDvergent'divergent noob receives steam at 7 bar and 20O''C and 

eipandt it iseniropicaJly into a space at 3 bar. Neglecting the inlet veloeily. 

eaicubie the exit asea required for a mass flow of O.I kg/s: 

(i) when Ihe flow is in equflibriura throughout; 

(ii) when the flow is supersaturated with pr'*’ » constanL 
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Fig. ta.Ig Procems 
on the h-i clun for 
Eiaoipk 10.8 



Solution Aikclchofboihprocciics(i)niM](ii)innhowDonanA-schart in Fig. 10.18. 
Part <i) u tnul conveniently lolved by using the h-a chan. 

From the chan at 7 bar. 200‘C. h, - 2846kJ/kg Alto 

A2-26(2U/kg and x,-0.98 
tbcrcibtc 


P, « » 0.98 X 0.6057 • 0.594 mVks 

From equation (10^4) 

c, = ../!2t»i -»j)) =v/2 * 10’(2846 - 2682). 573m/s 

Then using equation (l.ll) 


X ^ _ 0-1 ^ 10* 

’ “ Cj “ 573 

Exit area . 103.7 mm^ 


103.7 mm’ 


(ii) Although the process Is represented on an h-s diagram as 1-R in 
Fig. 10.18, netenhekss the h-t chan cannot be used to And hi, lince the 
chaia.dotted line representing 3 bar.prodvced from the superheat region, cannot 
be located easily on the chan. The enthalpy drop (h, - fb) and hence the 
velocity. C,. can be found suing equation 110.18). 

Cj h 


Fromiablesat7btrand2O0’Cr, - 0.3001 m’/kgThen,tincep,c‘ . pjiii, 
sve have 



Le. r,- 1.919 X 0.3001-0.576 tn*.'kg 
Then substituting 

^ K’ >■ O-MOlt - <3 X 0-576)l 


1.3 X 10* X a3727 
OJ 


328 



10.7 Sugnation conditions 


-J(— 


X I0» X aj727\ 


OJ / 

TTmd using eqiuiion (1.11} 

(fa-, ai X a576 X 10* 


= S68iii/t 


C, 


56S 


i01.4mm’ 


10.7 Stagnation conditions 


Throughoul this diiplcr il has been assumed that (he inlet velodiy to (he nozzle 
is negligible. When this is nol the case (he concept of stagnation conditions can 
be used. 

Let a gas moving with vclodi)', C, at a temperature, i: be brought to rest 
adiabalically. finally reaching a temperature 7^ when at rest. Then, applying 
the flow equation, (or a perfect gas, we have 

o 

e,T + Y~ 


r. = T + . 


2e. 


(iai9i 


The temperature 7^ is caDed the stafflufipn fempfrature of the moving gas 

Wbea a ibernioneter k msened io a moving gas stream, ibe gas around the 
bulb is brought to rest adiabatically and hence the thermometer measures the 
stagnatioa temperature. In order lo measure the ordinary or static temperature, 
T. the ibermomeicr would have to move ai the gas vetodty. 

The terra in equation is sometimes called the imperaiure 

f^Uvltni of eeiocity. The error in the absolute temperature by neglecting this 
term is less than 1 % for velocities up to about 75 m/s. for a gas at atmospheric 
temperature. 

The stagnation pressure, Po> stream is defined as the pressure the 

gas would attain if bought to rest bentro^caUy. 

From equation (3.21) 

(]a20> 


?■(?)’ 
Kiuation 

?-( 


Using equation (10.19). we have 
C« 

• I I + 

P 

Also, from equation (122), « yR/(7 ~ IK hence substiluling 




M 


2r«T J 


329 




hJo^xlM Mn4 J«t Propulsion 


Krora equation (ICLIO). the velocity ot sound m a ^ a. U equal to yJiyRT}, 
bence 

00^21) 

where Mu • C/a it Ihe Maeh manbrr. 

U (he ntht-band side of equation ( 10 . 21 ) is ei pended by the bioomiel iheorctn 
we have 


Pa , r<7-IMWal* 

p (r - U * 2 

+ 




- D'iMn)' 


?• , I * + Vl^.+ ... 


When (be telocity of the gas >s low. and Ma is ihcrcfore smaU (say Ma < 0.2), 
then it is a good at^roumation to write 


??= I I Ti*^**!^ . 


^ C- p 


tC’ 

2}Rt' 


2RT 


( 10 . 22 ) 


Now (he density, p. is the rcaprtical of the specific volume. 

p.l.-L 

» «r 

pc^ 

i.e. Stagnaiion pressure. p» - p + 

The term pC‘/2 in equation II0J21 is called (he oefoctry fuW. 

Appl)ing stagnaiion conditions to flow through a noole we have at inlet 

y + c,T, « «,To, 

At any other section of the nouk where (be velocity is C and the lempcralure 
is T wc have 

C' 

-- ♦e,i -f,r, 
therefore 

y + <-,2i - y + c,T « . c.To 

Therefore (he stagnation temperature remains constant throughout the nozzle 
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for adiabatic flow. iThe siagnaiun pfcisure remaiDS constant Ihrouithoul the 
nozalc for iscDtropic flow, but not for irreversible adiabatic Bow. since there is 
a pressure toss due to friction I 

The nozak inlet velocity, C,, can be treated by imagining the nozzle 
extrapolated back front the inlet to a section where Ihe velocity is zero. The 
conditions at this imaginary section are Ihe siagrutuon conditions. This is 
iliusiraied in Fig. 10.19. At section 0 ibe cross-seciional area is inhniie. 


Mg 10.19 \o»le 
showing total heed 
corKlIliont 



The equations derived previously can be used with aud To. substilulcd 
for p, and T|. Therefore, equation (10.41 can be written 

Also, from equations (10.7) and (10.&) «*e have 

= and 

Pe, \7 + 1/ t;, y + 1 

10.8 Jet propulsion 

Aiicrafi propulsion may be achieved by using a heat enpne to drive an airscrew 
or propeller, or by allowing a high-energy fluid to expand and leave the aircraft 
in a rearward direction as a high-velocity jei. In the propeller type of aircraft 
engine the propeller lakes a large mass flow and gives it a moderate velocity 
backwards rctalive to the aircrnA. In Ilw yet engine the aircraft induce* a 
comparatively small airflow and pves il a high velocity backwards relative to 
the aircraft. In bolh cases the rale of change of momenlum of the air provides 
■ reactive forward thrust which propeb Ihe aircraft. 

The propciler-iy pe cnpneeao be driven by a peirol engine or by a gas turbine 
unit. 

If the vdodiy of Ihe jeiircom propeller or yet engine I. backwards relative lo 
the aircraft, is Cj. and the velocity of the aircraft is C„ then the atmospheric 
air, initially at rest, is given a velocity of |C^ - CgJ. This is illustraied in 
Fig lOJO. Assuming for Ihe moment that the jet leaves the aircraft in the case of 
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fr ig. lOOO Ro« 

Ihtough a turbojet and 
a turboprop 



TufPojrt 


AiNTaA xeloeNy, C, 


/ Turhoprop ) 

f.4 r- -:4.c, 

Aircrafi veloeny, 


ihe jel engine a( aimosphene preuure. then (hen U no Ihruti due lo preuure 
rotetf. The Ihnisi tvailnUe for propuJtioD ii lolely due lo ihe rale of change 
of momenlum of the stream. 


Le. Thrust per unit mass flow rate» C, - Ca (10.23) 

The propulsive power is then given by 


Thrust power per unit mass flow rale w Ca(Cj — Ca) (10.2^1 


This is the rale at which work must be done in order to keep the aircraft moving 
at the constant lelocity C, against the fricljonal resistance or drag. 

The net work output from the engine is given by the increase in kinetic 
energy. (Cf — Cal.^1 This work output is used in two ways: it provides the 
thrust work as given by equation 110.341, and it gives the air a kinetic energy 
of fCj — Cal^/2, Le. the air previously at rest is given an absolute velodly of 

tc,-c.x 


Le. C,(C,-C.) + 


(Ci-C.)» 

2 


c.c, 



2C)Ca 

2 


Work output from engine 


c.’-c; 

2 


(10.25) 


The propulsive eflkiency, gp, is deflned aa Ihe thrust work divided by the rate 
at which work is done on the air in the aircraft Therefore from equations 
11024) and(l025)<ve have 


It 


2C.(Ci - C.) 
Cf-Cl 


Ihecefore 


lie 


2C. 

C, + C. 


(10.26) 


It can be seen from equation (10.26) that as Ihe aircraft vdocily, C,.increasea 
then the propulsive efliciency increases. Fw a propeller-driven aircraft the change 
of ep is greater initially, but at speeds at which Ihe propeller tip approaches 
sonic vetodly Ihe efficiency of the propdier falls ofTrapidly. and equation (10.26) 
is no lunger applicable. Curves of the form shown in Fig 10.21 are obtained. 
[I can be seen that for aircraft speeds up to about flSOkm/h the propeller is 
the more efficient means of propulsion, but for speeds above this the yet engine 
is superior. 

The simplest form of jel engiiK is the ramjet. In the ramjet the air is compressed 
by the conversion of Ihe kinetic energy of the atmospheric air relative to ibe 
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Rg. 1CL21 Propulsion 
dlickncy a|ainrt 
aircrah \e!ociiy 



aircraP; this is known as the ram tffect. Fuel is then burned in the compressed 
air stream at approiicnaiely constant pressure, and the hoi are allowed 
(0 expand through a ooazk. reaching a high velocity backwards relative to the 
aircraXi. The ramjet is shown diagrammatically in Fig 10.22<a). and the cycle 
is represented on a T^s diagram in Fig 10.22(b). 


Fig ltk22 Ramjet with 
processes on a T-s 
diagrain 


Ruifet velocii* 




If the ramjet velocity ts C., then the air enters the diffuser with a kinetic 
energy of Cl/2 per unit mass of air. The velocity after diffusion can be allowed 
for by using the slagnatioii temperature alter diflusioo. as follows: 

Using (be flow equation and assuming iseniropk flow 
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ihererote 



(10.27) 


Then, using equalioa (10.20) 

7 ; \i>.j 


Thelotnl pressure^is (he pressure (hesir sltsms when (he di(fusion process 
IS Isentropic When the process 11 irreversible, alihough sdll approximaiely 
adlsbaiic, (hen (he (oral pressure sKnined Is n,,- which is less (hen pc,. as seen 
from Fig 10.22(b). Since (he kinetic eiKrgy available. Cf'2. is (he same whether 
or not (he process Is reversible, then (he temperature change remains the same 
(ie. \ - T^). 


i.e. 



(10.23) 


Then (he intake isentropic eOsciency is dehned as follows: 

Intake eflidency - ^ (10.29) 

71. - 7i 

An aircraft powered entirely by ramjet would require an auxiliary power 
supply Ibr starting in order (o attain (he veiociiy necessary to give a large 
enough ram compression. 


10.9 The turbojet 

In a jet engiiK or turbojet (he kinetic energy of the incoming air can be used 
to obtain a ram compression in the intake duct thus raising the overall efficiency 
of the unit The hyoul of the unit has been considered briefly in section 9.1. In 
aircraft gas turbine work it becomes inponant to use stagnation conditions, 
since velodly changes through the unit are no longer negligible. Also, in general, 
temperature-measuring itutrumenu such as thermocouples, measure stagnation 
temperature othI not static temperature Using stagnation conditions, the 
isentropic efficiencies of the compressor and turbine can be redclined. end an 
intake and jet pipe effidency can be introduced. 
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lO.ft Thftturbojot 


F1(.I0.U Prrxeues 
for a typical jd cnpne 
on a f~s diagram 



Referring to Fit 10.2} (or a typical ;cl engine, «c have 
lienlTopiceiliciencyofiiKakediicl ^ 


lienlropiceflidcncyorcainpRsstv ■ 


re,-ro 

r- - T. 


Isentropktrfliciency of turbine 


^a. - \ 

Ta, - To. 


and 


. 7*8 - Ts 

Jei pipedoaeocy * — - - 

7L — Ta. 


(10.30) 

(10.31) 

(10.32) 

(10.33) 


For adiabatic the total lemperatuce remains constant, and therefore 
- Tg,, and 7^ = To,, (or the intake duct and the jet pipe respectively. Note 
that Fig. 10J3 is a diagram of static temperature against entropy. 

In a practical unit there is a loss ^ pressure in the combustion chamber 
from 2 to 3. 


PreMure thrust 

It has been assumed in (he foregoing analysis that the gases expand down to 
aimospheric pressure in the jet nozzle. In practice, panicularly in the case of a 
convergent nozzle, the back preuure will normally be lower than the pressure 
of the gases at the nozzle outlet: this phenomenon is called underexpansion 
and is full) explained in seciion 10.4. 

Duclothedillercncein pressure bciween iheaozzle exit and the atmosphere 
in which the aircriA » flying there will be an addtiional ihrusi. called the 
pressure thrust. Also, in the case of a supersonic airctafl. the pressure at ihe 
air intake is higher than the atmospheric pressure because of compression 
through the shock wave formed: thb causes a reduction in Ihe net thrust 
cakulated purely from momentum consideratioos. 

Consider an aircraft like the turbojet in Fig 10.24 with as air intake of area 
A,, inki air pressure p,. and a noole exit area A,, exit pressure Pgi let the 
atmospheric pressure be p.. For a control volume round Ihe working fluid in 
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FIs. ^ 

aircraft and aircraft 
silhoueile 


the aircraft enfine <m have, using Newton's seeond law: 

F + PtAf — rate of change of tnomentuen of working fluid 

in the direction of motion of the fluid 


where / is the net forciedue to hydrostatic pressure and friction everted by the 
inside of the aircraft on the irorkiog fluid in the direction of its motion. 

ii. F-t-p,A,-p,A,~<ti{C,~CJ 

therefore 


f = i*(C,-C.)-p,M, + p,.i. 

There is an equal and opposite force. R, exerted by the working fluid on the 
inside of the aircraft engine. 

i.e R * AfC^ — C,) — Pidi + 

in the direction of motion of the aircraft. 

Consider now the forces acting rm the aircraft. There is the force R, there is 
the total drag 1>. due to the air rcsisiaace, and there is a pressure force due to 
the atmospheric pressure acting on the projected area in the direction of flight. 
It may be easier to understand this force if the aircraft is imagined to be fixed 
to a lest bed such that there is no flow of ait overit. In flight there is considerable 
pressure variation over the aircraft surfaces, which is the cause of (he lift and. 
drag forces: the total drag force, i). incorporates all such effects and also includes 
form drag due to the vortices fotmed. 

Assuming that the aircraft silhouette area in the direction of flight is A (see 
Fig 10.241. then the net pressure force in the direction of flight is given by 

P.<A-At)-p.tA-AO-P.(A,-A,) 
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Since the aircraft is flying at constant velocity the net force acting is aero, 
U. «-D + p.(4,-A,l = 0 


10.B TiMturtejat 


Example 10.6 


Solution 


Fl(. inis Cycle on a 
T~i Oiagrara Toe 
Example 10.6 


Therefore ihe toiaJ ihrusi required lo overcome the total drag force is given by 
Total thrust = 0 = « + p.fd, - .4,) 

- ihiCj — C,) - pid, + Pydy + P,M, — djl 

therefore 

Total thrust « ihfC, - C,)-r djfpj - p,) - 4,(p, - p.) 

For subsrmic aircraft the last term is aero, since in that cim pj ■ p,, 

i.e. Totalthrusi ■ infC^ - Ca) + dyfpj — Pj) (10.34) 

Imonicotuni (pressure 
thrust) thrust) 


A lurbojei aircraft is flying at 600 km/h at 10100 m where the pressure and 
temperature of the aunotphere are 024 bar and - SO *C respectively. The 
compressor pressure ratio is 10/1 and Ihe maximum cycle temperature is 
820'C. Calculate Ihe Ihrusi developed and the specific fuel consumption, 
usiog Ihe following infoimalion: eniry duct efficiency 09: isenlrcpic eRsciency 
of compressor 0.9; slagnarion pressure loss in the combustion chamber 
014 bar; calorific value of fuel 43 300U/kg; combustion efficiency 98%; 
iscnlro|W eflidency of turbine 092; mechanical efficiency of drive 98%; jet 
(xpe efficiency 092; nozzle outlet area 0.08 m‘:c,and)’for the compression 
process I.OOS kJ/kg K and 1.4; c, and y for the combustion and expansion 
processes I.IS kJ/kg K and U33; assume that the noole is convergent. 

The cycle is shown on a T-s diagram in Fig. 1028. The exhaust condition of 
the gases ^ving the nozzle is not known until it is ascertained whether or not 
Ihe noole is choked. 



Kinetic energy of air at inlet 



»(222.2)'N m/kg 


= 24.7kJ.'kg 
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Thcrdbre 


r„- 


24.7 24.7 


■ 246 K 


t, I.00S 

therefore 

r., • (-50 + 273) 24.6 - 247.6 K 
Now from equalioo (10.30). 

(nuke effieieney - - 0.9 


therefore 


Tn. - Te - 0.9 X 24.6 - 211 K 
7i„-(-50t273) + 21l -245.1 K 


therefore 

Po. - 1.393 X 024.0334 bar 
For the compressor, we have 


-10"*'“ = 1.931 

Vib,/ 

therefore 


7^ - 1.932 X 247.6 
ie. r,, - 478 K 

Then using equation (1031) 

Isentropic efRciency - Tfv .. T' i = 0.9 
Te, * 7s, 

therefore 


ie. 

Also 


478 - 247.6 

— 55 — 

\ - 247.6 4 236 - 503.6 K 

A,, - 10 X ps, - 10 X 0.334 - 3.34 bar 


Hetioe 

ie. 


= 1.393 


33S 


^ — Ppj — floss of lout pressure iu combustion) 
p„, - 3.34 - 0.14 » 32 bar 



10 J Th« turbo^ 


Now the turbine develops Jusi enough work to drive the compresMr and 
overcome mechanical louea. 




^0, ~ 

a98 


Note the t the work oui put from the t urbitM and the work input to the com presior 
arc given by the product of and the difference in total temperature, when 
the flow in each is adiabatic, e.g, for the turbine, using ihe flow eciuation we have 

ihenCore 

Therefore 


ie. To. - (820 27i) - 228.3 > 864.7 K 
Then using equation (10.32 k 

Isentropic eflicieiKy » ^ » 0.92 

Ti, - li. 

therefore 




228.3 

0.92 


248.2 K 


Le. 

Then 


fK 


therefore 


h. 


(820 4-273l-248.3-S44.9K 


3.24 

2.803 


l,IS6 bet 


2.803 


For choked ftow in the noziJe the critic*) pressure ratio is fiven by equation 
110.7). 


£• (J-Y’’" 
ft, Vr+l/ U333./ 


-0.S4 


therefore 


p, - 0.$4 X I.IS6 - 0.624 bar 

Since (he atmospheric pressure b 0.24 bar it follows that (he nozzle is choking 
and hence the actual veloaty of the gas at nit b sonic. The ezpansion in the 
nozzle is shown on a F-i diagram in Fig 10 26. 
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Fir 1(U6 r-s 

dia^am for 
Example 10.6sho«iQg 
expaniieo outside 
no^e 



The temperature at exit, Ty. is given by equation (10.S) lince the velocity at 
exit is sonic. 


t;. ' -/ + 1 UJ3 + I 


_ 2 _ 

■+ : 

864.7 


_ Jii::! _ 7413 n 

1.1665 
Using equation (10.33) 

Jet pipe efficiency = AnH = o.92 

therefore 

T.. = 864.7- ‘»“^-”'^‘ = 73a6K 
” 0.92 

From equation (10.20) 

^ ('M"" /864.7Y»»'«»* 


I.96J 


ihcrcroic 


Now. from equation |2J2) 

e^7-1) l■l5Kft?33 

" y ” I.JJ3 

i.e. R-0.287} kJ/k|K 

.. ST, 287.3 X 74IJ 

Hence e, - —- =-^ - 3.616 m’/kg 

’ p, as8» X io> * 
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Also Jel vekxnly. C, - - Vl.333 x 287,3 x 741.3 - 532.8 m/J 
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Then Mus 0 ok « —i 


• 11.788 kg,'1 


AC. 0.08 » 5318 
e, ’ 3616 

The momenluni thrust is given by equation (10.23), 
in. MoneDiutnthnut-m(C,-C,)- 11.788(5318-2212) 
-366IN 


The ptnssure thrust Is given by equation (I0J4I, 
ii. Pressurethruit » (p, - p,)A « (0.589 - 0.24) x 0.08 x 10’ 
-2792N 


therefore 

Total thrust ■ 3661 + 2792 - 6453 N 


Also Heatsupplied - >6r^|7i, - 7^1 

- 11.788 a 1.15(1093 - 503.6) - 7990 kJ/s 

If curves of theorclica] total lemperaluic rise against fuel-air ratio were 
available for the fuel used, then ibe fuel consumptioD could be found in this 
way. In this case It is suthcienl to write 

7990 

Heat supplied ss rft, x calorific value = 


where >6r Is the mass of fuel supplied in kg.'S. 
7990 


111 ,= 


43300 X 098 


• 0188 kg/s 


ie. Specific fuel consumption = —-* 0.0291 kg/kN s 

6453 


(Note: because of the low value of fuel-air ratio it is a good approiimalion to 
assume that the mass flow rate of air b equal to the mass flow rate of gases in 
the turbine and nozzle.) 


At sea-level coodltions with ibe same ezlt area for the propuUlon nozzle, 
the thrust produced will be much higher since the mass flow through the unit 
will be considerably increased. It b possible to have a variable-area nozzle 
which can be adjusted to give mazimum thrust at any given altitude. When a 
convergent-divergent nozzle is used, the jet pipe enicieacy u less because of 
the increased friction of the divergent portion, and the jet pipe u bulkier. When 
the pressure ratio across ihejet pipe b ml large a convergent noole is preferred, 
since the pressure thrust obtained due to underexpansion makes up (or the loss 
of momentum thrust When the pressure ratio acrou the jet pipe becomes large, 
a coDvergenl-divergeni nozzle b required to make full use of Ibe energy 
available. The nozzle throat area must be made variable to avoid the losses 
which would occur if the noBk were undcrespaoding 

Another means of obtaining a thrust boost b by using qfrerburnmg; this 
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is ihennodynaiDicaUy equivalent to reheat. Fuel is sprayed into the gases leaving 
the turbine thus iocnasiag ibejet veiocity leaving the nozzle. A 50*4 Increase 
in thrust can be obtained in this nay. but it is sery'wasteTul on fuel. Afterburning 
can be used on starting and as a reserve poner source for thrust augmentation 
over short periods. It is usually arranged to keep the same pressure ratio across 
the nozzle when altcrbunung b us^ Therefore, since jet velocity changes 
approaimately directly with the square root of tbeeiit temperature, but specihe 
volume changes directly with the temperature, it follows that the eiit area of 
the nozzle muu be increased proportionately with the increase of jet velocity, i.a 

A " *c/C, « constant » T'^T ■ constant a .,'T « constant a C, 
Thus a variable^rea node b necessary when afterburning is used in order to 
keep the mass flow through the unit ennsunt. and therefore to allow the 
compressor and turbme to operate efficieatly. The volume of the afterburner is 
large compared with a normal combustion chamber, since it operates at a lower 
pressure. This additional bulk and weight must be set against (he increase In 
thrust available 


10.10 The turboprop 

In a turboprop aircralt the ram effect of the incoming air relative to the aircraft 
can be used as in the turbojeL At ezit from the turboprop engine, (he gases 
should theoretically have a vetocUy relative to the aircraft, just high enough to 
carry the exhaust clear of (be aircraft In practice the whole pressure drop 
available is not used by the turbine, and (be gases leaving (he turbine expand 
in the yet pipe, thus leaving with a velocity relative to the aircraft which is 
higher than (he relative velocity of (he air entering the engine This provides a 
momentum thrust which comptemenls the thrust from the propeller. For basic 
calculations (his additional thrust will be neglected, and it will be assumed that 
(he gases leave Ibe turbine at the ambient pressure. However, in order to moke 
use of (he stagnation isentropic elhciency of the turbine (given by equation 
(10.32)1. it is necessary to know the stagnation temperature at turbine exhaust. 
This can be found if the cihausi velocity is known. 


Example 10.7 A turboprop aircrafl is flying at 650 km, hat an altitude where Ihc ambient 
temperature la -IS'C. The compressor pressure ratio it 9/1 and the 
maximum cycle lemperaiurc it 850 C. The intake duct ellicieney is 0.9. and 
the stagnation isentropic eflicienczes of Ihc compressor and turbine arc 0.89 
and 0.93 respectively. Cokulalc the specific power output and the cycle 
efficiency, taking a mechanical etfickney of 98S and neglecting the pressure 
loss in the combustion chamber. Assume that ihe exhaust gases leave the 
aitcraCt at 650 km/h rdalive to the aircrafl. and take c, and y as in 
Example 10.6. 

Solution The cycle is shown on a T-s diagram in Fig 10.27. 
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Example ID.? 


10.10 Tha turboprop 



Kinelk cnercy of ihc air at inlet 

2 V 3600 2 

ihereforc 

180.5 ^ isas* 
2 e, 


2nl0’xl.00S 
•Ii, = (-lg + 273)+ 162 = 27I.2K 


= 16.2 K 


Now fraiD «qucPOQ (I0.3U) 

Iciake efficiency = 5u—5 = 0.9 
rO. ” *0 

therefore 

i;_- r, = 0.9 « 162- 146 K 
Le. Tj - 269.6 K 

- 5-(l)'. 


For the compressor wv ha^e 

• ivt 

. _ •r / «»i 


<S)"" 


- To.{ =• j - 271.2 K 9“*'“ - 508 K 


Then using equation 110 31) 
laemropic efficiency 
thcrcTorc 


5*:-5. . 0.g9 

T., - 


ra.-r. 


0, ’ 


S»-271.2 _ 

a»9 


266 K 


i.e. %, = 271.2 + 266 - 5372 K 
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Also Compressor work input ei li, - 7e,)- 1.005 x 266 
• 26T.S U/kg 

Now X &>9 X UI5> laOJS 

P> Pt, ft 

(herefoit 




1123 


10.933* >»'■>“ 


>617.8 


Tben using equilioa (10.191 


it. 7i. - 632 K 
Then using equalion (10.32) 


617.6 + 14.2 


Iseniropic efliciency 


A:LA=a93 


r. - To. 


therefore 


T;. - Ti. - 0.93( 1123 - 632) > 456-6 K 
Then Turbine work outpui = e^(7o, - T^i = 1-15 x 456.6 
- 525-( kj/kg 

therefore 

Net work output > (525.1 - 267.5)0.98 - 2515kJ;kg 
ie. ^tecitk power output > 252.5 kW per kg/s 
AUo Heat supplied > e^lTo, - 7^,) - I.I5( 1123 - 537.2) 
>675 kJykg 

Then Thermul cOicicnc)’ « = 0.374 or 37.45'. 


For aircrsTI Dying nt low speeds the Bmouni of thrust from the jet pipe of » 
turhoprop engine it usually very small, but as the slrcnfl speed is raised it 
becomes an odvantage to use a portion of the available energy to obtain thrust 
in a nozzle, since the propulsion edkiency for a yet increases as shown in 
Fig. 1021 Ip. 313k 

It was stated ai the beginning of this section that the turbojet is more efficient 
than the turboprop at speeds of about 850km.'h and abose. At lower speeds 
tlie propulsive efficiency can be increased by using a direrrd fan engine. In the 
ducted fan engine a turbine drives a fan which draws ait through a duct 
surrounding the engina aisd delivers it either to the rrtain gas stream leaving 
the turbine, or to atmosphere where it surrounds the mam jet. Some of the 
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coergy avaiJaUe 1$ used in driviog the fan, tHK the decreased jei velocity at a 
hjg^er mass flow gives a higher propulsive eflkkncy and a similar thrust to 
that of the turbojet engine. A ducted fan engine is shown diagranmaticaUy in 
Fig. 1026. Against the advantage of increased propulsive efficiency must be set 
the disadvantage of increased size and wd^l due to the ducting required to 
deal with the comparatively Urge volumes of air. 


Hg I0.2S Dia^mof 
a ducted fan engine 


Air 

Met 


An alternative to the dueled fan engiDe » the bypass engine, io which some 
of the ail flow is bypassed at an intermediate stage in the compression and 
passed directly to the main jet In this engine and the ducted fan, fuel may be 
injected into the secondary aimresm to give thrust boost over short periods. 

Another important Ceature of the ducted fan and bypass engines (sometimes 
called lurbofan engines) b the great itduction in noise level compared with the 
turbojet engine. Thb U of great imponance for aircraft flying on commercial 
airUnes, taking off and landing at airports in congested areas. 

In considering the performance ^ gas turbine units many variables are 
involved. It b usual to express the variables in non-dimensional form. The 
non-dimensional charactcnstics of the compressor and turbine must then be 
matched | together with the propulsion nozzle, if a jet engine is consideredK and 
a set of equilibrium running curves obtained for the unit. A good introductory 
treatment of equilibrium running b given in rtf. 10.3. 


Problems 

10.1 Calculate the ihrosi tod eiit areas of a ooak to expand air at the rate of 4.S kg/a from 
6 3 bar. 327 *C ulo a spaa at US bar. Negkci ihe inlet velocity and anume Iseniropic 
(low. 

|3290nua^4S40mm^| 

102 It b reouited lo produce a fUaajn of bdium al ibe rate of 0.1 kg/i Uavelling ai sonic 
tbodiy at a lenpetature cf IS*C. Assuming oegUgi^ inlet vriedty, bcntropic flow, 


ConbMMn Prapuliion 

Faa Cefflpmiof ckamberv nook 
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sad s back pranm of IJ)I3 bar, caicukie: 

<i) ihe ra)iund iakt prcsuic sad lODpersture; 

<n) the ait sm of the unla 

For hdUum take (be nolv tass m 4 k|/ktDol. and y * l.6b. 

(Z07? bar; 110*C; 593 nun^) 

Rscsleulsls ProblnB ICkl sssumiiif s eoeflSdsnt of diiehsjps of 0.96 sod s nouls 
eAeiency of 0.9Z 

(3430mm^531Qmm>) 

104 A coflverteM-diverfSM oonte eipsads sir si 6J9 bsr sod 427*C into a tpsee at I bar. 
The ihrost am of ite aosk b 650 tun^ snd the exit sru b 975 mn^. The exit veloeity 
0 found 10 be 600 m/s when the iiUet vdodtjr b oe|lt|ible. Aisumtai thsi friction In 
the oonmpeni ponmi b nsflisible. eskuUte: 

tl) the ais« flow thraufh the ooszk, sisha| whether tbe ooule b umSempandbig or 
ovmxpnndifif; 

iii) the Book dBd eo c y sml the eodBo c nl of veloeily. 

(0.6S4kg/s: uodempsodiog, - !.39 bar; 0.695,0.946) 

104 Stesmeoienscoiiverim'ditafenipozsksl 11 bv. dry uturated its rate of 0.75 kg/s. 
snd upsnds iseiiropieally lo Z7 bsr. Neglectiog the inks velociiy. and aisumuig the 
eapsQsion follows a taw. eoftstsoi, cakulate; 

01 the ares of ibe nook ibmt: 
th) the srsa of the euL 

(474 mni^i 646 mm’) 

104 Steam at 2Dbsr and 240'C expands tsanropkally to a pressure of 3bar in a 
ci> n> c r ge ot-div c r | est oosk. Calculate the mass flow per unit exit am: 
to arewitsg cquihtwiuis flow; 

(ii) aasuening superesturated flow. 

For lupersaiuraied flow assume that the process follows the law, pr* ’ • eoartaot. 

11540 kg/e; 1751 kg/s) 

lO.T A ihermomciet iosened into as airaiceam flowing at 334 m/s records a temperature of 
15 *C: the ftatk peessure m the duct a found to be (ill bar. AasiDping that the air round 
the ihermomeier bulb b brought co rcet adiahai bally, cakviaier 
(i) the true stalk lemperaiure of the ak: 

(h) the siagnaiion peeesure of the air. 

(14.44X; 1,017 bar) 

104 A lurbojei aiicrsfl b iravdling et 925 km/b in atmospheric conditions of 0.45 bar aod 
- 26*C. The compressor ptesure mtto b 8, the air mats flow me u 45 kg/i, and tbe 
maximum allowabk cycle temperature b 800 *C. The compreksor, turbine, and iet pipe 
stagnation tseeiropse effiebociea arc 0.85, 049. and 0.9 mpecitvely. ihe mechanical 
eflkkney of ihe drive is 0.98. aod the combustion efflekocy iiO.99. Abutning a convtrgeni 
propulsion nosle. a leas of stagnation pressure m the combusiloa chamber of 0.2 bar. 
aod a fuel of calcrTfic value 43 300 U 'kg cakuteie: 

(t) the lequired eozzk cut amt; 

<ii> the net tbnoi devd^ed; 

(di) the air-fuel ratio; 

fiv) the ipeciAc fud cDiHucnpiion. 

For the gases m tbe turbine and propulsion nook take y « 1.333 and c, » 1.15 kJ/kg K; 
for the combubiOA pr oc ess assume ao equivalent c. value of 1.15 kJ/kg K. 

<0216 ai ’; 19.94 kN; 70.87; 0f)319 kg/kN s) 
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10 J (n a turboprop engine iherompreuor procure a 6 and ibe naxioium cycle temperature 
is 760 *C. The sugnaiion iseBtropk eAckneies of Ibe comp w Kor and turbine ore O.S$ 
and OM reipectively; the meduuueal efRekncy is 99%. The aircxad is tnvelltni at 
?2i km h at an aJciiude where the ambicni temperature is >7*C. Taking an intake 
duel efficiency of 0.9. negfceimg the pressure lots in the combustion chamber, and 
auuramg that ibe in tbe turbine eipaad down to at/noepbenc pressure, leaving 
(he ainnfl at 72$ km h relative to the aircraft, calailaie: 

III the speaAc power output: 

(it) the cycle efflctency 

For the gases m the turbine take / • and ■ 1.15 kJ/kg K; for the combustion 
process auume an niuivaknt c, value of 1.15 U^kg K. 

(1?a2kW per k|/s; 284H1 

10.10 Anerburning is used in the aircraft of Problen lOiS to obtain an inc/taM in thrust. The 
stagnation temperature after the afterburner is 700'C and the pressure lots m the 
afterbuntmg process is 0J}7 bar. Calculate tbe ooale exit area now required to pass the 
same ma»t 5ow raw as in P roblein 10 . 1 . and the new net thrust. 

(0^44ni':210kNI 


Ref«rene«s 

10.1 SHi^ao t H 19S3 The Oinomtes iind Thenuod^vuauri qf Compreuibfe 
vols I and 2 Kreiger 

10.2 douclas j f. U/UiOaas i m. and swamELO r a 198$ Fluid h4eehaiiKS 2nd edn 
Longman 

t(L3 COHEN H. roCeis q f c. and sauvanamvttoo it t ii 1987 Gas Turhirw Thectry 
3rd edn Longman 
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Rotodynamic Machinery 


A rotodynamic machine it one in which a Ruid flows Treely through an impeller 
or rotor: the transfer of energy between the fluid and the rotor Is continuous 
and the change of angular momentum of the fluid causes, or is the result of, a 
torque 00 the rotor. When energy is transferred from the fluid to the rotor the 
machine is known as a turbine; when energy is transferred to the fluid from 
the rotor the machine is knoam as a Can. pump, or compressor. Note that rotary 
machines such as the vane type discussed in Chapter 12 am defined as positive 
displacement rather than rotodynamic since the fluid does not flow freely 
through the rotating part ^ the machlrte but is displaced from sealed spaces. 

This chapter covers the basic tlseory of turbines and compressors used in 
steam piam and gns turbine plant. The analysis of pumps, fans, and turbines 
using liquids or incomppcssi^ gases is not dealt with in this text; the reader 
is referred to books on fluid mechanics such as that by Douglas, Gasiorek and 
Swafflcld (ref. 11.1) for the analysis of sucb rotodynamic machioes. Compressors 
and lurbiiies with air, hot gases, or steam, as the working substance can be 
analysed in a generalized way (refs IIZ 11.3, II.4), but in this ten a more 
pragmatic approach is used; for example, steam and gas turbine plant use 
rot^ynamic turbines, but the conditions of use and the working substance are 
so different that over the years designers have developed separate methods, and 
different design cooveniions 


11.1 Rotodynamic machines for steam and see turbine plent 

A rotodynamic lurbioc or compressor may be classifWd in (wo ways: Hritly by 
the direction of Aow of ibe Auid relative to the roior; secondly by the way in 
which the rate of change of angular momeolum of the 6uid is achieved. 

The flow of fluid can be either ta a direction parallel to the axis of the rotor, 
in a radial direciioiL or less commonly In a mixed mode. The bulk of this 
chapter is concerned with 4xial*flow machines which are used most often In 
practice; the most conuDooly used radial machine is the centrifugal compressor 
considered in section 11.9; mixed mode machines are found mostly in pump 
applications and are not considered in this (ext. 



t1.1 


lOf StMA •nd 


turtiAftplcm 


fmpulM turbin* 

The mow hwc tuibane ukc$ • lufh*fRMuie. bfh^etbalpy fluid, eipudi h 
in ■ lUcd ud llicD uia (he nie of dttofe of tnsulu moeienlum of 

(he fluid ift I rocitug poMOfe (o pronde (he lonjuc oo (he ncer Such a 
uehine II eoUed u Imfubf nrfcMr A nmpk eunple of ao unpubo lujUne 
ii thowii lo Fifs M.IUMod (b^ S*mc (he fluid flowi (hrouih wheel at a 


Flg.lU Simple 
apubt iB^buie (il 

cfOM lection 
ihreu|h bUdei «id 
BMXlM<b) 





f- 



Fl» lU TiOffaUei 
flo* on to a leorMg blade 


died BMan ndiui, Iha ihechaage of INwa/ nocwaium iaa|eotial (e ihe wheel 
givea a ueieotul (oec* (hat cauaes the whed to (otatc. Attune iAi(iall)’ lhai 
the fliMd is able (o eiMet u4 lee«« (he whed pattofes *a (be laoiential direeiic 0 
wHh ea ebeotuu valoeMy «(nlei. C^. aad an abeolute vdopiy at ealt. C^. •• 
shows n Fig 11^; the Made *doc^ h denoted b; C». The rate of inertaie 
of fluid noneaiun ia (he leaieatial dictetioB fron kfl to right la Flit lU 
grvea the taagBotsal lorec oetag oo the fltwi 


Fofce ea (be fluid fren M to ngbi v ih| - C^) 


lassuinni a eoasuw nase flow rale. AL 


Ao equal and oppoetie force. F, mu act oa the bladea, 
la F ■■ iMCy + C«) bon Ul lo rifhe 
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Fit. lU R«letiv9 
velooiic) for a movinf 
blade 


The torque aciiog on the wheel is then given by 
T ■ + C^J 

where ft is (he radius oS the wheel and (he rate at which work is done for u 
routional speed of A/ is 

IF • 2«iVr - UNmRiC,, 4 C^> 

• drC^(C^ + C^) 

where is (he blade langeniial speed « InSR- 

Refernng to Fig. I I.X ihe velocity of (he fluid relative to the blade at inlet 
is (C»| - C^l and the velocity of (he fluid relative to the blades at outlet in the 
direction of (he blade movement ts < - C«» - C»|. (Note: the relative velocity 
can be obtained by imagining stopping the blade by applying an equal and 
opposite velocity. C^. from right to lefi a( inlet and at outlet.! 

Irt the absence of friction (he relaii^'e velocity at inlet is equal in magnitude 
to the relative velociiy at outlet 

i.e. C,| - ■ “ (“ — C®l 

C,.-C^-2C, 

Substituting for in the previous equation for W. we have 
- 2C^) 

This result could have been derived directly by considering the rate of change 
of momentum of the fluid relative to the blades. Since, in the absence of friction, 
the relative velocity changes from (C.i — C>) ai inlet to — C^) at outlet 
the rate of increase of momentum is — 2intC«« 0^1 


Reaction turbine 

The Ant known (urbioe of this type is attributed to Hero of Alexandria about 
(he first century ad. A turbine built on Kero‘s principle was demonstrated by 
Oustafdc Lav^ in I3fl3. Figure U.4 shows the reaction type, ihe radial lubes, 
w hich are connected to (be supply tube, are free to rotate about a vertical axis. 
The end of each tube is shaped as a nozzle and the steam from Ihe supply lube 
expands through the nozaks to aimosphcre m a tangential direction. There is 
an increase of velocity of the sleam, and the rate of increase of momentum Is 
provided by a force on the steam from the nozzle walls in the direction of the 
steam flow; an equal and oppodie force acts on the nozzle walls causing the 
tubes to spin round in a direction opposite to the steam flow. De LavaFs lurbine 
was an achievement of iia time and showed the possibility of high shaft speetiv 
using steam, but it is now only of historical inleresL 

The reaction principle is used in modem turbines and compressors although 
in a very different way to that shown above. In modem reaction turbines half 
the expansion or compression occurs in fixed passages and the remainder of 
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11.1 RotodyAAfn^ fnaeliinM for •r\d ga»turblf>f pitnt 


Fi|. IIA Simple 
resciion turbine 


Slcjm tfllei 



ibe expsitfion or compressioo tn moving passages. An expaosioD in the moving 
passages of a imbine causes tbe velocity of ihe fluid relative to the passages to 
increase, giving a reactive force on the blade waJIs. This type of blading is called 
50% reaction, or (^arsons blading after C A Parsons who built the first 
commercial steam turbine in 1885 using Ibis principle. 


Choice of rotodynamic machine 

Because of the pnnciple of using the rate of change of momeolum of a flowing 
fluid to obtain a torque on a rotor, a rotodynamic machine has a high rotational 
speed. The rotating wheel and blades ace subject to high stresses due to the 
centripetal accelerations insohed and there is thus a limit to the energy that 
can be utilized in a single row of blades. Most rotodynamic machines are 
therefore multistage in operation. 

There K a considerable difference in the pressure range of a lypieai steam 
turbine compared wtih that of a gas turbine, A steam turbine expands down 
to a condenser pressure governed by the temperature of the cooling water 
available (say a tout 0.055 bar), and the supply pressure may be as high as 
170 bar gi\ ing overall pressure ratios of the order of4500:1: even with a much 
lower supply pressure of about 40 bar the pressure ratio ii still over 1000:1. 
The gas turbine, on the other band, has an ovendl pressure range of the order 
of 10 ; I with a supply pressure at ground level of about 10 bar. 

It is common steam turbine practice lo use one or more impulse stages ai 
the HP end of the turbine so that the steam pressure is reduced rapidly over 
the first few stages: this prevents the high leakage losses that would otherwise 
occur due to the large pressure differences if reaction-type blading were used. 
Reaction blading is then used for the LP end of the lurlnne. It is rarely necessary 
to use an impulse stage for a gas turbine since the supply pressure is relatively 
low. Axial-Aow compressors in a gas turbine plant have the same order of 
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prcuUR nlio u ihc lurbine and hence ihe blading is also ol ihe 50'/a reaction 
type. 

Early gas turbine>driven aircraft ased centrifugal compressors with pressure 
ratios about 2:1, usually with two compressors in series. As masimum cycle 
temperatures Increased it became necessary to introduce asial-flow compraion 
to obtain the rec|uired higher pressure ratios. Further research into the 
aerodynamics ofcenirifugal compressors and into blade materials has led more 
recently to cenirifugal compressors using aluminium alloys wiih pressure ratios 
of about 4:1; using titanium alloys pressure ratios greater than 8 :1 have been 
achieved. Aaial compressors are still Ihe belter option for units developing high 
power because of Ihc higher piessure ratios and Ihe greater mass flow rates 
possible for a given flow area. 


11.2 The impulse •team turbine 

In this section it will be assumed that steam is Ihe working substance since, for 
reasons given in section II.I. most steam lurbine plant use impulse steam 
turbues. whereas gas turbine plant seldom do. The general principles are the 
same whether steam or gas is Ibe working substance. 

The steam supplied to a single w'beel impulse turbine eapands completely in 
the noezles and leaves with a high absolute velocity. This is the absolute inlet 
velodly to the blades as shown in Fig ll.S(a). The steam is delivered to Ihe 
wheel at an angle a,. The sdectioo of the angle a, is one of compromise since 
an increase in Si reduces the value of the useful component. C„coss,, and 
increases the value of the aiiaL or flow, component. sin a^. The absolute 
vclocily. can be considered as Ihe resultant of the blade velocity, C^, and 
the velocity of the steam relative to the Made at inleu C„. The two poinu of 
particular interest are those at the inlet and csit of the blades. The velocities 
oflbese points are as shown in Fig Il.SlblasC.i and C„ respectively, and the 
directions are defined by Ihc angles and fl, as shown. If the steam is to enter 
and leave Ihe blades smoothly wiiboul shock, then is the an^e of the blades 
at inlet, and the angle of the bbdes at csit. The velocity triangle for the inlet 
conditions is drawn in Fig 11.6(a) from the information of Fig 11.5. The steam 
leaves (he Made with a velocity, C... relative to the blade, and at Ihc blade esii 
angle of The absolute velocity at esil C„ is deiermiiMd from Ihe velocity 
triangle of Fig 11.6(b). and its direction is s, Since both triangles have Ihe 
common side OA > Ce. the triangles can be combined lo give a single diagram 
as shown in Fig 11.6|e). 


Fig UJ Ahsoluie and 
relalive velocities for • 
simple impulse lurbine 
blade 




352 



1U Tb* impulM atMm turbine 


lAlet(t)aAd 
oulkt (b) blade vdodly 
dia^ranu for an impultt 
curbiM aod a compoaite 
diagram (c) 









If (he blade is symmetrical then and if the friction effecls of the blade 

on ihe steam are zero, then Ck * Q. It is usual, however, that the velocity of 
the steam relative to (be Made is reduced by friaion. and tbis is expressed by 

C„»iCrt (ii.n 

where & is a btade t^bxUy coefficknt. 

The vdodiies of Aow* across (be blade at iolet and exit are given by and 
Q, (ie. EB and DC respectively in Fig. H.dfc)). There may be a difference 
between these values which means (hat there U a change in velocity in the axial 
direction and an associated axial rhrua. The horizontal components of the 
absolute velocities at inlet and exit are called the whirf velocities, and C»,. 
as ^own in Fig. ll.Mc^ 

From Newton's second law the ungential force acting on the jet is given by 
F • lb X (change of velocity in the tangential direction). 

The tangential velocity cd (he steam relative to the blade at inlet is given by 

AE«C„c<hA 

The itngenlla) velodi; of the swam relative (o Ihe blade at exit it given by 
AD > - cos 
Therefore 

Change in velodly in laiigenilal direction 
- -C„ cotfi,- C„ cos fi, 
m -(C„COS^. + C„COSg|) 

therefore 

TangenliaJ force = -rA{C„ cos + C„co5 il|) 
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The reaciion lo this force provides the drivioj thrust on the wheel, 
i.e. Drivios force on wheel »cos 4- C,, cos 4i) 

Referring to ibe combined dingram of Fig. I l.6(cl. 

(C^coi^, AD-h AE - DE ■■ 

where AC, U the change in the velocity of whirl ■ • (- C,,) * C«| 4 C«». 

Therefore 

Dnviflg force on wheel ■ AdC. (U.2) 

The rale at which work is done on the wheel» given by the product of the 
dnviog force and the blade velocity. Tberefore. using equation 111.2) 

Power oulptii • dC« (11*3) 

tl is usual to construct the blade velodiy diagram lo scale and to determine 
the value of 6C^ from ii by measurement. Referring to Fig 11.6(0 it can be 
seen that the ab^ result can also be obtained by coosidering the changes in 
absolute velocity of the steam between inlet and exit. 

A part of this diagram is repealed in Fig ll.’f(a) as defined by the lines OB 
and OC The change in absolute velocity of the jet is given by BC and the 
resuluiai force on tbe jet is equal to A x BC. The reaction to this is the force 
on the wheel (ie. ih x CB^ This force can be expressed as its components 
A K CF and m x FB as in Fig 11.7(b). From Fig 11.6(c). F6 » DE » dC» 
and A X FB is the tangeniia) driving force as deiermiiied previously. The axial 
comp^MQt of the fi>rce> tit x CF. is the axial thrust on the wheel, which must 

be taken up by ibe bearings in which the shaft is mounted. From Fig. 11.6(c) 

it can be seen that CF » EB DC » Cn — Cu * ACj. 

i.e Axial thrust as AACx (11*4) 


Fig 11.7 Absolute 
velodiics at inkt and 
exit and the forces 
produced 



If the enthalpy of the steam ai entry to the nozrJe as ho. and at the noaaJe 
exit is then the maximum velocity of the steam impinging on the blades is 
given by equation (10.4) as 

1115 ) 

(assuming negligible velodty at inlet to the nozzles). 

The energy supplied to the Nodes b the kineiie energy of Ihe jet. Cj)/2. and 
the blading efltcicney or diagram efficiency is defined by 

_ rate of doing work per unit mass of steam 

Diagram efficiency, rj* * 

energy supplied per umt mass of steam 
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EumpI* 11.1 


Thcnumeraior is obuioed rr<inicqtuiuon(]l.3)as C,aC. per unit mass flow 
me of steam, therefore, 

■t.-C.4C.x^-?£^ (11.6) 

For purpose of analysis, 4C. can be espressed as 

4C. - C„cosO, + C,,cos(H.l) 
Also, if the Made velocity coeffident. k - 1 (in. C„ •• Ch), and if the blades ate 
syininetrical (i«. fi, m then we have 

4C.-2C„cosA 

But C„cos(l, wCuCosii-Ct (see Fi$, 116(a)) 

Hence 

AC.-J(C«cosa;,-C») 

and Rale of doing work per unit mass = JfCuCosSi - Ct)Ct (11.8) 
Therefore 


ee = 2(CjCOS*,-Ck)CkX 


2_ 

CL 


«(C^cosa,-C.>C. 

Ci 

6C./ Cb 

i.e. Diagram efficiency b -1 cos a, — — 

Cm \ Cu, 


(11.9) 


where C^/Cm is called the Wade speed ratio. 

The simple impulse turbine is called thedc Laval turbine, since it was invented 
by Dr Gustafde Laval and patented by him in 1888. The first turbine produced 
by de Laval was a IlkW marine turbine in 1892: this turbine ran at 
l60(X>rev/niin with an output shaft speed of 330rev/mio using a double 
reduaion in a double helical gear. It is a tribute to de Laval that so much of 
his work is cither current practice or has leceivcd little modiflcatlon up to the 
present day. He pioneered Use use of high pressures and high speeds for steam 
turbines. Hia mechanical design from the point of view of blading shape and 
blade attachment compare with the best In modem practice. He also developed 
a lotni of double helical reduction gearing which is similar to that used in ships 
of modem consiructioo. 


The velocity of steam leaving the nozzles of an impulse turbine is 900 m/s 
and (he nozzle angle is 20°. The blade velocity is 300m/s and the blade 
velocity coefBcieot is 0.7. Calculate for a mass flow of 1 kg/s, and symmciricaJ 
blading: 

(i) the blade inlet angle: 

(ii) (he driving fonc on the wheel; 
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(iii) the uial (hrusl; 

<iv) the diagram power; 

(v) the diagram efficiency. 

SoluMft The iofotmalioo gi>'en ii iodicated on Fig 1U. and the required quantities can 
be obuined either by construction or by catculaiion. In many casei calcuiaiion 
becomes tedious and long and a graphical construction is recommeDded for 
all but the simpicsi problems. 

(i) The blade inkt angk can be measured directly from Fig U if (his figure 
is drawn to scale, but the angle will be found by an analyi ieal met hod t o iUuairate 
the procedure. 


Fig IIJ Blade 
vetoaiy diagram for 
Ejumpk 111 



Applying (be cosine rule to (riaugle OAB 
C?.-Ci + C{-2C*C«c«i| 

= «»’ + 300’ - (2 X 300 X 900 X cos 20°) = 39.25 x 10* 

ihcrcTore 


C„ - 626.5 m/s 

Tbeo using ibe sme rule in triangle OAB, 
Cx _ C, 
sin OAB sin i. 

also on OAB «■ sini 1 ^ ~ ^i) * ain ^1 
therefore 


. « CuSinj, 900xaia20° 

- 651 - 

ie. )l,> 29*24'aft 
(n) Using equation lll.l) 


0.491 


C„ - M:„ - 626.5 X 0.7 >438^0/$ 

AD - C„ cot A > 626.5 cot 29* 24’ • 545.8 m/s 
AE« C„ cos A-438.5 cos 29* 24’-381.9 m/s 


therefore 


AC. = 545.« ; ai.9 = 927.7 m/t 
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From equaiioD { 1U) 

Driving force on wheel ° mAC. — I x 927.7 - 927.7 N per kg/s 

(iii) Cn - C„sin A > iU i on 29*24' • 307jS m/s 

C„ - C„ sin S. - 43a.5 sin 29‘24' - 215.3 m/s 
iherefore 

AC, - 307.6 - 215.3 - 92.3 m.'s 
Hien from cqualioD (M.4) 

Aiiil thrust > iSiAC, ■ I X 923 • 923 N per kg/s 

(iv) From equation (11.3) 

Diagram powtrperuoil mass Bow rile - C,AC. 

_ I X 927.7 K 300 
10' 

- 278.3 kW 


(v) From equation (IIA) 


IKagram eifidency.ii., 


C»AC. 

Ci 


2 X 927.7 X 300 
900' 


= 0.687 or 68.7% 


Optimum operating condition* from the blade velocity 
diagrame 

From equalioo <11.8) the rate of doing work on the blade wheel per unit mass 
flow rate of steam isgivenb)>2Ct(C.iCosai - Ctk Fora given steam velocity 
C,i and a given Made velociiy C^, it can be teen that the rate of doing work 
is a maximum when C 03 i|W I (U. when a, >01 For this value of a, the 
axial-flow component would be zero. It is essential to have an axial-flow 
component to Mknv the tleam to reach the blades and to dear the blades on 
leaving At a, is increased the rale of working on the blades is reduced, 
but (he blade annulus area required for a given mats flow It alto reduced since 
the axial-flow component of the velocsiy it increased. Further, (he surface area 
of the bladei will'be reduced at higher values of a,, and this means friction 
losses will be less. A tdeciion of a, must be made based on these conflicting 
requirements, and Ibe usual values of a, lie between IS* and 30*. For a fixed 
value of ai the optimum blade speed ratio for maximum diagram efflclenc)' can 
be obtained by dilTerenlialing equation < 11.9) and putting the result equal to 
zero, 

Le. Diagram cfBciency, q, nf—( cosa, - — 
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Ihenfore 


-4«aai-«|s-0 

Cm, 




therefore 


C, 

C., i 

Muimumditgramcflicicncy • 


4C0f 1, 


( coia,\ 

j 


-coi> 


COi*S| 


( 11 . 10 ) 


(Il.lt) 


Tbe rate of doing work corresponding 10 the maiiinuRi diagram efficjeocy il 
then given by substituting is equation ( 11 . 8 ). Le. 

Power output per unit mass flow rate at maaimum diagram eflicieacy 

-2CJ (11.12) 



Fig. 1I.P Diagram 
efficiency against btadc 
speed ratio (or a 
siiigle.|ta|e impulie 
turbine 


The variatios in t/, with C^/C^ is shown in Fig. 11.9. 

The si ngk-slage impulse steam turbine is used only as a small power machine. 
The steam velodties may be as high as 1070 m/s, and for Oi « 20” the optimum 
blade speed ratio would be about 0.47, giving the maximum blade speed as 
SOO m/x In practice the Made s peed is hmiled to about 420 m/x This value of 
velocity used in small maebtnet would give high speeds of rotation of the order 
of30000 rev/mio. Smaller-diameler rotors mean a more economic coostructioa. 
but higb roiatioBal speeds mean high stresses. Funber, the high turbine speeds 
are too higb for direct use, and a reduction gear is required to give output 
speeds wbicb are in the useful range. 

The expasisioii of steam in (he simple impulse turbine is carried out in a 
sin^ stage, so the steam velodly at inlel to the wheel is high. There is no drop 
in preasuR in the wheel casing The blade velocity must be United for mecbanictl 
reasons of strength and operating speed. From these considerations, and an 
inspection of (be velodiy diagrasns, it it evident that the steam leaves the blade 
wheel with a high velodiy. This corutitutei a loss in the work available on ibe 
wheel, although a moderate velocity must be accepted in order to take the 
steam to the eondenser. This (soclnp less may amount to UK of the Input 
energy. The leaving velodiy in the velodiy diagram of Fig 11.6(c) is C„. and 
the leaving loss is given by Cm/2. 

Methods of improving the effldeney of the simple impulu turbine, known 
at compounding will be eoniideced in (he following section. 


11.3 Praaaur* and valocKy compoundad Impulaa ataam 
turblnsa 
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Praaaurn compoundinp (thn Rateau turblna) 

The pressure drop available to the turbine is used in a series of small incrementx 
each increment being attodaied with one stage of the turbine. The physical 
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F1|.1UI T««-fow 
vtl oaiysonpoiiiukd 
Impulse turbine showing 
pressure and velodly 
variations 


aciuaJly used only a smaO antcuol of the kiaetk energy of the stean can be 
uiiiiied. The vdoaiy compounded suge, called the Curtis stage after its designer, 
is used to employ lower blade speeds and a higher utilization of the kinetic 
energy of the steam. This design wu patented by an American. C G Curtis, in 
1895. but tbere were turbines of this type being used by (he de Laval company 
some yean previously. 

In this type aO the eipansion takes place in a single set of nozzles, and the 
steam then passes through a series of Uades attached to a single wheel or rotor. 
Since (he blades move In the same direction it is necessary to change the direction 
of the steam between one set of moving blades and the next. For this purpose 
a stationary ring of blades is lilted between each pair of moving blad» A 
rwo-row %hetl version of this turbine is shown to Fig. 11.11. The steam velomty 
is high, but the Made veloaly is less than that for the single row turbine. The 
klncik energy of the jet is thus utilized in (be multiple stages. The inlet velocity 
10 (he fixed blades is Ibe absolute exit vdodiy from the first row of moving 
blades. The absolute inlet velocity to the second row of moving blades is the 
exit veloeily from the fixed blades. The velocity diagrams are shown in Fig 11.11 

Work done in the first row s riiCtdC., 

Work dooe m the second row w mC^AC«, 
therefore 

To»] work done on the wheel = ifiCefAC., + dC.,| (11.13) 

If the moving snd stationary blades are symmetrical and the relative velociiicr 
are unchanged on passing over a blade, (hen by the procedure used for the 
single-row impulse turbine it can be shown that (he diagram eliiciency is a 
maximum when 


C-. 


cos a,, 

4 


(ll.UI 


and for this condition the absolute velocity at esil ii in the axial direction. The 
maximum diagram effiticncy is then 

Cjweos'a,, (11.151 

The corresponding rale at which work is done is given by 

Rate of doing work per unit mass flow rate ■ (11.161 


Comparing equations (1I.I6I and (11.12) it can be seen that the enthalpy 
drop used in the two-row stage is four limes that of the single-row stage. The* 
variation of tit with Cs/C., is shown in Fig 11.13. 

The sropeejirienr)'of a turbine is defined in section 11.3 by equation (11.33), 
and is a measure of the useful enthalpy drop for a giv'Cn available enthalpy 
drop. The single-row, two-row, and three-row velocity compounded wheels 
show maximum stage efltcfendes of approximately 1X8. (X67 and 0.52 respectively, 
et blade-speed ratios of 0.46, 0.23. and 013 respectively. Hence the steam 
consumption increases with Ibe increase In the number of rows of blades. The 
three-row wheel is used usually for small turbines employed on auxiliary work. 
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nc.lU2 V«lodi> 
dla^nms for t twc^row 
vtlociT)'<OApouAded 
impulM (urbine 


% Cot^\ 



4 C«, 

Hi. 11.12 Diagnm 
eifkteoc)' o^nst blade 
speed raiio for a 
t«o-row 

veloa i)^<oa) pounded 
nnpulse turbine 


Fig. 11.14 Pressure- 
compounded rwo-row 
vdoai> compounded 
impulse lurbise sbawiog 
pressure end velooiy 
vanaiioos 



The Curtis stage permits a large expansion of the steam in a machine of compact 
ditneosioiis. 

Tor maximum economy in a iwo*row impulse turbine, the blade*speed ratio 
is about 0.23. which means bUde velociiiet oi about 275 m/$. In order to reduce 
the blade velodly and at the same time utilise a large enthalpy drop a fairly 
obvious solutioo is to pressure compound two or more (wo^row wheels in senea 
as shown in F1^ 11.14. 


Noxxkv 
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Exampla 11.2 Tbc Bm state ola tufbioe it a two-row veloety-caiapouDded impulse wbeeL 
The neam vdodiy at iokl is 600 n/s, the mcao blade velodty it 120 m/t. 
and (be blade vdocity cocffidenl for aO blades is 0.9. The nozzle aogle is 16° 
and (be a<( aatlea lor (be 6rt( row of noving blades, (be 6aed Uadea, and 
(he second row of moving blades, are 18,21, and 39° respectively. Calculate: 
(i) (be blade inlet angles for each row; 

( 11 ) (be driving force for each row of moving blades and tbe asial (hrusl on 
the wheel for a mass flew rate of 1 kg/s; 

(ill) the diagram power per kilogram per second steam Bow, and the diagram 
efficiency for (he wheel; 

(Iv) (he maximum possible diagram efllcieocy for (he given sleam inlet 
velocity and oobIc angle. 

Solution (1) Tbe velodly dlagiams are drawn (o scale, as shown in Fig. 11.19, and the 
relBlive vdocitiea, C„, and C., are calculated using equation (ll.ll 

Le. C„,>k,Cri,wa9 x 486 >437.4m/t 
- k^Cri, - a9 X 187J - 169 m/t 



The absolute velocity at inlet to (he second row of moving blades, is equal 
to the velocity of (he steam leaving the fixed row of blades, 

14. C„.-kC.,-0.9 x 327 - 294 m/s 

The blade inlet angles are measured from (he velocity diagram as 
Inlet blade angle, first row of moving blades, A, - 20" 

Inlet Made angle, fixed blades, s,, - 24J* 

Inlet Made angle, second row of moving blades, - 34.9° 

(ii) Using equation (11.2) 

Driving force - mdC. 
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Then Fini tow of moving bladev AAC., » I « B74 - 874 N 

Second roe' of moving blades, AAC,^ e I x 2925 s 292.5 N 
where AC,, and AC., are scakd from the vdodly diagram. 

Using equation (11.4) 

Axial Ihrusi - AACi - AfC, - Co) 

Then, Finl row of moving blades, AACi, • I x (187 - 135) • 32N 
Second row of moving blades, AACf, wlx(]06 — 97)si9N 
Le, Total axial Ihrusi w 32 9 >41 N per kg/s 
|Ui)Now 

Total driving force - 874 + 2925 ■ 1166J N per kg/i 
and Power output > driving force x blade velodly 


LC, Power output 


II66.S X 120 
10' 


i40kW per kg/a 


c . , V , ACi I X 600' 

Energy suprdied to the wheel = —=t =-kW 

2 2 X 10' 


therefore 


Diagram efSciency 


140 X 10' X 2 
600 ^ 


= 0.779 or 77.9% 


(iv) From equation (11.15) 

Maximum diagramcfliciency <= cos'ai, mcos' 16’ 
= 0.923 or 923% 


Turbine bisde height 

In iIk impufcM turbiiM the noule* de not occupy (he complelc eirciimfimnce 
leading loio ihe bUde annulus, and this u r e ferred tn ai parilal admission. 

The total nonie eait area must be such as to satisfy the conditions of 
cooiinuous mass flow of tieam. Referring to Fig. 11.16. if n is the length of the 
arc covered by the Mzzks and the node hd^t is i. then the node area in 
the exit plane is nf If the spedfle volume of the steam at the nozzle ezil condition 
is and the mass flow is fk. (ben the volume flow rate is . The component 
of the steam velocity at exit from the nodes and perpendicular to the area af 
is Cg,, sin«|. Therefore we have 

* Cg,^ sind^ X nf (H.i?) 
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I’lf. 11.16 Diafrun 
thowieg blade pa wage 
width (a) and Imgth Ibl 
for impulM blading 



The >«««* Aow of steam, th, passes through the cbaonels of the fini moviog row 

and> due to ftietkm, (he rdacive velocicy of (he steam a( exit ts 1( (be 
blade pitch a( exit is p, and the blade (hickness is t,. then each blade channel 
exit area is (pi sin fig “ where f, is the height of the blades a( exit. These 
quantities are shown io Pig. Il.l6(al and (b) where p, sin is shown (o be 
the effective w’idth of the channel perpendicular to the direction of the relative 
velodty. and tj is the blade thickness measured in the same direction. The arc 
covered by (he nozzles b of length n. therefore (he number of blade channeb 
accepting steam b given by n/pi, and the total blade channel exit area by 
(n/PiHft sio fitt ~ As before, for the conditioo of coDtinuity of mass flow 
of steam, ve have 

Ar, >-(p,>in A ( 11 . 18 ) 

Pi 

Figure II.IMutihoore only Ihe nozzles and ihc Orel moving row of blades, 
and Fig 11.16(b) shows the nozzks as supplying steam to a two-raw velocity 
compounded wheel The blade height is increased progressively, and for each 
raw of Uades. fiied and moving an ezpression similar to that of equation 
1 11.18) can be established. 

Due to friction effects as the steam passes over the blades, the enthalpy at 
eait is higher than it would be if fnclion were absent. There is an associated 
increase in the specific volume of the steam compared with the friclionless case, 
but this is small enough to be negligible compared with the reduction in the 
relative vdocity of the steam. 
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11 .3 PrftSMr* Af>d v^ftcitv compouf>d»d bnpulM >ti*m turbinM 

Exampis 11.3 For (he nozzles and wheel of Etample 11.2 the sieatn flow is ikg/5 and the 
nozzk heigh) is 25 mm. The speejik volsime of the sieam leaving the nozzles 
is 0.275 kg/m^. Neglecling the wall thiekocss between the nozzles, and 
assuming that all blades have a pitch of 25 mm and eiil tip thickness ol 
0.5 mm, calculate: 

(i) the length of the nozzle arc; 

(ii) the blade height at eait from each row. 


Solution Ii) Using cfluation III.IT) 

25 

ifir,, sin a, x al» 600 x sin 16 ' x n x — 

ie. 5 X 0.575 n 600 x 0.2756 x n x — 

10 ' 

ihesclore 

n <,0454 m 

Lc. Length of nozzle arc ,= 0.454 m 
<ii) Using equation (I LIB) 


iflr, = -Ip sin ft - l)IC„ 

P 

applied to each row of blades, we have, for the flrst row: 

0454 

5 X 0.375 - X sin IB' - 00005)1, x 437.4 


therefore 


I,-- 


5 X 0.375 X 0025 


- - 00327 m 


0454 X 000723 x 437.4 
i.e. Blade height at eiit - 317 mm 
For the Used row: 

0454 

5 X 0375-^^(0025 x sin 210.0005)1, x 2M 


therefore 


If 


5 X 0375 X 0.025 


-0.04ISm 


0.454 X OOOS46 x 294 
ie. Blade height at eiil > 41.5 mm 
For the second row: 

QjiSd 

5 X a37S --(0.025 X sin 35' - 0.0005)1, x 169 

0025 ‘ 
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therefore 


5 » a?75 K a025 
0.454 X 0.013W X 169 


0.0442 m 


ue. Blade heifhl at eiii • 44.2 mm 


11.4 Axial-flow rMction turbinas 

The reacuon turtnnc applies Ihe piinci^e of both ihe pure impulse and Ihe 
pure reaciion lurbine. Each slage of (he reaction lurhliK coniiili of a Haed row 
of Uades oer Ihe whole of Ihe circumferential annulus, and an equal number 
of blades on a wheel. Admission of fluid in the reaction turbine lakes place 
over ihecoopfele annulus, and so there is/iifl odmissiivi. The filed blade channels 
are of nozzle shape and there is a comparalivelj’ small drop in pressure 
accompanied b; an increase in velocily. The fluid then passes over Ihe moving 
blades and. as in tlu pure impulse turbine, a force is exerted on the blades by 
Ihe fluid. There is a further drop in pressure as the fluid passes through the 
moving blades, since the moving blade channels ate also of nozzle shape, and 
therefore there is an increase m the fluid vdodty relative to Ihe Uades. This it 
illustrated in tbe vriodly diagram of Fig. 11.171a). With a simple impulse type 
the value of C„ would be given by AD. but in the reaction turbine this velocity 
is increased to AC by fimirer eipansioo of the fluid in the blade channels. The 
net change in velocily of the fluid is given by BC and the resultant force on 
the blades by iflfCBX as shown in Fig. ll.I7<b). This forte can be resolved into 
the langenlial and axial thrusts. in(CE) and i*(EB| as shown in Fig. 11.17(b). 


ng 11.17 Blade 
velocity (aland thrust 
diagram (b) for an 
axial-flow reaction 
turbine 



Axial-flow ntnam turbiisM 
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Tbe reaction steam lurbiiK was invented by SirChariet Parsons who produced 
a 7.5 kW steam turbiiw running at 17000 rev/rain in ISM. Parsons was a 
contemporary of de LnvaL 



11.4 Axtal.flow rMCtlon turbines 


Tbc reictjoD efleci is ooc of degree since the impulse effect is always there. 
The degree of reaction. A, is defined it 

^ tbeeathalpydropmihcmovingMades hi-h] (1119) 

iheenihalpydropinlhesufe fie-fij 

where fi,.ind fi] arc the enlhalpiet of the steam at inlet to the fixed blades, 
at entry to the moving Medes. sod at exit from the moving blades respectively. 

For the tiinpk tmpulse luibine. A • Oi for the Parsons type of blading which 
hat the tame section Cor both the fixed tod moving biadea. A - O.S. This 
arrangement has the practical advantage that most of the blades used in a 
turbine of this type can be extruded from one set of dies. The (wo set of blades, 
fixed and moving are mounted in (he relationship shown in Fig 11.18(a), and 
(he h-s diagrani for the expansion is shown in Fig 11.18(b). The moving blade 
exit angle 0, is the seme et (he fixed bUdeexitenglee„and the velocity diagram 
for ihia blade amngenMol is shown in Fig 11.19. The steam leaving the moving 
Made must be imvelling in sudi a dircclion (hat it enters (he next row of 
fixed blades smoothly whhoui shock; ibe fixed blades have an inlet angle equal 


Fig 11.18 Fixed and 
moving blades of a 
leectioc turMne 
blade pair showing 
pressure and veloory 
variatiODS (a) and the 
process on an 
h-s cliaR(b) 
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ni. 11.19 Hide 
velocity dii^am for i 
reiclion turbine nage 


(0 tint of the ink! angk of the moving bUdes. It follows therefore that when 
the fixed and moving Mides ace geometncally similar, ihen the velocity diagram 
must he symmetrical, as shown in fig. 11.19. Then, applying the steady-flow 
energy equation to the fixed blades 

ri — 

(This assumes that the velocity of the sieain entering the fixed blade is equal 
to the absolute velocity ofihesuam leaving the previous moving row: it therefore 
applies to a stage which ti not the first) 

Similarly, for the moving blades. 

<1UI) 

From Fi& I I.t9. ud * C,«. therefore 

h^-hy » hi ^ hi ot fcci « 2*1 — Aj 

*0 ~ *2 B 2(*| - *]) 

Tfiererort tor (h» case 



h,-h, 2 


This lype of blading is called the Parsons half'degree reaciion or S0% reaction 
type. 

The energy input lo the moviog blade wheel can be written as 

Cl c;.-ci 
2 2 

Therefore, since C„ • this becomes 



From Fig. 11.19. 

C?i»<‘i. + C{-C..C.cosx. 

Vi /'Ci-fCj-C.iC.eosxA 
le. Energy input « Ci ~l -‘— ^ ^ I 

Cj, - <ri + 2C.,C. cos X, 

_ . 
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From equation (IIJ). 

Rate of doing v'oik per unit maas flow rale C^AC, 

Abo AC. • ED >> 2C„ cor a, - C,. (herefore 

Rate of doing work per unit mau (low rate 
-C,(2C«eoia,-C.) (11.22) 

Therefore the diagram eflicieacy at the 50% reaction turbine is given by 
rale of doing work 


<T.-- 


1t“ 


energy Input 
2C,(2C.,co$»|-C*( 


Ci-Cj + 2C.,C»eoj«, 
a(CJC..)[2co»».-(C./C..)l 
"l-(C^C„e + 2(C^C„)co8*. 

where (C^C^) is the blade speed raiio. 


(11.23) 


Example 11.4 Aslageofasleamturbmewith Parsons blading deliven dry saturated steam 
at 17 bar from the Aied Uades at 90 m,'s. The mean blade height is 40 mm. 
and the moving Made exit an^e is 20*. The axial velocity oi the steam is 
three quarters of the blade velodly at the mean radius. Steam is supplied to 
the stage at the rale of 9000 kgi'h. The eifea of the blade tip thickness on 
the annulus area can be neglected. Calculate: 

(i) Ibe rotational speed of the wheel: 

(ii) the diagram power; 

(iiil Ibe diagram eStciency: 

(iv) the enthalpy drop of the steam in this stage 

Solution The velodiy diagram is shown in Fig ItJO(a). and the blade wheel annulus 
b represented in Fig ll.20(bk 

(t) C, - -C^ - C,| sin 0 , - 90 a sin 20* - 30.79 m/s 


FlgllJO Bisde 
vciocily disgrim (s) 
srul turbine blading 
snnulus (b) for 
Eismple 11 4 
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therefore 

The mue flow of ueam it fiveo by 


where ^ it Ibe tonulus uea, tad e is the ipedflc volume of the iieam. 
Is this cue. o • e, at 2.7 her • QLMBfln'/hg. Therefore 
9000 M.7t4 


fh ■ 


tbecefoR A -0O54in’ 


MOO 0.(6U 
Now Aonuliis area. A * 2arA 

where r is (he mean radius, and h (be mean blade height, 
ie. O.OS4 w Tar X 0.04 therefore r • 0JI5 m 
btadeqseed 41.04 


ibcn Wheel speed, N ■ 


2 ar 


2a X OJIS 


304 rtv/s 


(ii) Using et|ualion (11.3) 

Diagram power - dtC.dC. 

Now dC.> 2C^cosx,-Ct-(2 x90 xcos20')-4l.04= !28.1m/s 
therefore 


Diagram power 


9000 X 128.1 X 41.04 
3600 X I0> 


13.l4k:W 


(iii) Raieofdoingworkperunitmassflowraie - C,iC, 

.128.1 x41.04Nm/i 

Also Energy input to the rtwving blades per stage . C^i — (Cfi/2) 
Referring to Fig. 11.20(a). 

Ci-Ci + Ci-C^C,eosa, 

. 90’ + 4I.04> - (2 X 90 X 41.04 x cot 20’) 

therefore 

C„ - 53.32 m/t 

5132*' 

Energy input - 90*-^— - 6679 N m per kg/t 

Diagram eflideiicy, ije w —.. 0.787 or 78.756 
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C* — C* 90^ — 53 32^ 
(iv) Enthalpy drop in thcmovinf blades •• ** ^ —2 « —-—— 

> 2.63 U/li( 

ihererore 

Total enthalpy drop per suge - 2 x 163 - 5.26 U/kg 


Opiintum epotaling eondiliong from ihe blade velocity diagram 
The diagram ellKiency for the 50% teactioo wheel is given by equation 111.23) u 
_ 2(C./C^H240S»,-(C>/C^|} 

I - tC.,'C..)* + 2<C./C^)coa a, 

By equating d>) 4 .'d(Ct/Cul to zero, (he value of Made speed ratio for nuuimum 
diagram efficien c y can be shovn to be given by 


C. 

--cos*, 

t-ti 

From equation (1122) 

Rale of doing work « cos x, — C^) 

therefore for maximum diagram efficiency 

Rate of doing work - C»(2C.,|i - = CJ 

Also subiUtuiing from equation (11.24) in equation (11.23) 

Maximum diagram effidescy * 2 cos 

1 + COB ’ 


(11.24) 


(U.25) 


(11.26) 


o c, * 



fig. lUI Blade 
veloetly diairam lor Ihe 
optimum Nade speed 
ratio for a reiction 
turbine iiaae 


For the opinnum blade speed ratio a blade velocity diagram as shown in 
Fig 1121 is obtained (Le. ■ CdCos Xi). 

The variation of ^4 witb blade speed ratio for the simple impulse end the 
reaction stage are shown in Fig 11.21 It can be seen that for the reaction 
turbine the curve it reasonably flat in the region of the maximum value of 
diagram efflesency. so that a variation in cose,, and hence C^/C^, can be 
accepted without much variation in the diagram efficiency from the maximum 
value. 

The variation of pressure and velocity through a reaction turbine is shown 
in Fig 1123. T3te pressure falls continuously as (he steam passes over (he fixed 
acid moving blades of each stage. The sieem velodlies arc low compared with 
those of (be impulse turbine, and it can be seen from Ibe diagram that the steam 
velodiy is increased in each set of fixed blades. It is no longer convenient to 
talk of'nozzles'aDd'blades', since in the reaction turbine both fixed and moving 
blades act as nozzles. It is usual to refer to the two sets of blades as the stator 
blades and the rotor blades. 
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Flf. UJ] Diagrun 
<flidency agaiost blade 
■peed n(M for iropulie 
•ad reectioa (urNnes 



Fig. 114^ Keacilon 
turbine showing 
pressure and velodty 
variations 



The pressure drop acr<Ks ihe roior produces an end Ihrusi equal to the 
product of the pressure difference and ihe area of the anrtulus in contact with 
the steam. For the $0% reaction turbine the thrust due to the change in axial 
velocity is rero, but tbe side thrust is oevertheless greater than that of an 
equivakoi impulse turbiiie. and lar^r thrust bearings are fitted. The net end 
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thmsi can be reduced by admiiuog the sieam to the casing at (he mid'Scccion 
and allowing i( (o eipand outwards to cadi cod of the caaiog, passing over 
identical sets of blades. This has the additional feature of redudng (he blade 
height at a glsen wheel lor a giveo total mass flow of sieam. 

Steam turbine blade deaign 

Reaction turbines are used for the lower pressure stages of most large steam 
turbines. A common combination is that of a Curtis stage followed by a series 
of reaction stages. 

Since the Made I'Clocity of any blade is greater at the (ip than at the root 
due to the increased radius at the same angular velocity, then a turbine designed 
for $0% reaciioo at the mean radius, say. will have a degree of reaction at the 
root lower than 50% and a degree of reaction at (he lip greaier than i0%. In 
steam lurbine design practice it has been usual to keep the blade angles the 
same from root to lip and to accept the consequent slight reduction in efficiency, 
except when the root to tip radius ratio is very low as is the cose for the LP 
turbine of a large unit. For such units the root to lip radius may be as low as 0.4. 

For t he steam i iirlsine of Example 11.4 the mean ra d lus is found to be 0.215 m 
with the given blade height of 40 mm. giving a root to lip radius ratio of 
0.195/0.235 — 0£3. The blade velocity at the mean radius is calculated 
as 41.04 m/s. hcoce the blade velocity at the blade tip is given by 
(41.04 k 0.235/0.215) » 44.S6 m/s. and the Made velocity at the blade root is 
given by (41.04 X 0.19S;0.21S) s 37.22 m/s. The flow velocity is calculated in 
(he example as 30.7Sm/s; assuming this is constnoi from root to (ip. and that 
the steam enters the moving blade at 90 m/s at 20^ at every radius along the 
moving blade, then the angles at which (be steam flows relative to the moving 
blade are as shown in Fi^ 1124. The blade angk at inlet lo the blade can be 


Fig. 1124 Blade 
velociiy diagnois at the 
blade lip. blade root, 
and at the blade mean 
diameter 
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Figure 1I.2S is drawn for die general case for a stage where the degree of 
reaction is not S0%: the diagram b asymmetric unlike the steam turbine stage 
of Fig 11.19 where the degree of reacdon is S0%. It is uitial to assume that 
for any stage the absolute vriocity at inlet to eadi stage is equal to the absolute 
velodty at eail from the moving blades, and that the flow velodty, Q, is consunt 
throu^ui the turbine 

The degree of reaction, A, it defined by equation 11.19 as the ratio of the 
enthalpy drop in the moving blades to the enthalpy drop in the stage. Referring 
to Fig I l,2J vre therefore have 

2C.4C. 

C,*leec»^,-sec*ft) 

2C,(C,tan^,-l-C,uo/l,) 

Then, since (sec^ > I * lan'k are have 
^ _ C,(tan» $, - tan* ft) 

2 Ct(tao ^, + tan A) 

Le. -:^(tanA-taoA) (11.27) 

av* 

Note that putting A = 0.5 m equation (11.27) gves 
C,(tan A - tan A) = C» 
le. + Cl tan a, — Ci tan At ~ 

therefore 

».-A 

From tbe diagram I Fig 11,25) it follows also that a, = A,. The filed and moving 
blades have tbe same cross-section and tbe diagram is symmeirical as shown 
earlier (Fig 11.19). 


Vortex blading 

Vortex blading is the name given to the twitted blades designed using 
ihree-dimensiona) flow equations in order to decrease fluid flow losses A radial 
equilibrium equation can be derived (sec for example reference 11.5), and ll can 
be shown that one set of conditions which satisfies this equation is at followt: 

<i) constant axial velocity along the blades, Le. C( • constant; 

(ii) constant specific worit over the annulus, ia. CiAC. - constant: 

(iii) free vortes at entry to the moving blades, Le. C„r w constant, where r is 
the blade radius at any point. 

Since the specific work output is constant over the annulus it can be calculated 
at the mean radius, say, and mulli|flied by the ruass flow rate to obtain tbe 
power for tbe stage. On the other hand, tbe fluid density varies along the blade 
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Exampl* 11,6 


Soludon 


hlf-lIJC Blade 
velocity diagram at (be 
blade mean diameter for 
Exampie 11.1 


and hence (he coo(inuil> equalion ahouM be integrated across the annulus to 
give (he mass flow mte; is is usually suHkieotly accurate for an initial design 
to use (he density at the mean radius. Pu- where d is (be 

annulus area. 

Tlw free vortci conditioa is not (be only condition that satisfies the radial 
equilibrium equalioiL Tvo olber possible meebods arc the constant nostle angle 
method and (he crHUienr specific nmss flow method. For further discussion on 
Made design consult refercocc IIJ. 

At (be mean diameter of a gas turbine stage ibe blade velodly is 3S0 tn/s. 
The blade angles at inlet and exit are X and 54* respectively, and (he bladei 
at this section are designed to have a degree of reaction of 50%. The mean 
radius of the blades is 0.216 m and the mean blade height is 0.02 m. Assuming 
the blades are designed according to vortex iheoiy calculate: 

<i) the Row vdocity; 

(ii) the angles of blades at the lip and at the ro^ 
liit) the degree of reaction at the (ip and at the root of the blades. 

fi) Figure 11,26 shows the blade vdodty dla^am at the mean radius. The flow 
velocity can be calculated from 

C, tan 54* - C, tan X‘ > 550 



therefore 

C, - 5457 m/s 

111) The Row velocity at the (ip and root a also 545.7m/s. Considering the 
tip of the blades, the Made velocity at the lip is given by C,r - 350 « 0251/0216 m 
4067 m/a The whirl telocily at blade inlet at the mean radius Is ~ 
Cf (an 54' * 475.8 m/a Therefore using the free vortex condition 

C.„ -475.8 X 0216/0.251 - 409.5 m/i 
Then using the condition for constant specifK work: 
dC., - AC.„CM'C,t 

- (550 +(2 « 545.7 tan X')} x 550/406.7 
= 517.8 m/s 
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Blade 

veloaiy diagram at lh« 
bUda tip for 
Example t1.$ 



Th« blade velocity diagram for the tip ia (beiefoR a> ■hoam in Kig. 11.27. For 
(he blade anglea we (hen have (he lollowiDg: 

Moving bladea: 


inlet 

eait 




1 3417 


r 




Fixed bUdea: 


icJet 


exit 




Using (he same method for (he root; 

Cm w 2^ X 0.I81/0JI6 ° 293.3 m/s 
C., -475.8 X 0216/0.181 = S67.g m/s 
4C^ - 589.4 « 350/293J = 703.3 m/s 

Then, referring to Fig. 1128: 

Moving blades: 

.. . .,f547.8 - 293.3) „ 

inlet J, = tan - — -1 - 38.5 


Fig. 1128 Blade 
vriodiy diairam at iha 
blade root for 
Example 11.5 
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of friction wu allo<«ed for b) meaiu id ( nozzle efficiency defined by equitios 

(I0.n)u 


Nozzle efficiency 



where <li| - b]) u the ectuel enihelpy drop in (be nozzle, end (b, - bij) the 
ideal iiesiropic cnibalpy drop. Since the actual enthalpy drop ii leu than In 
the iaentropic cue. then the actual velocity of the fluid leaving (he nozzle ii 
leu then that obtained with iKOtropic eapamion. The eflect of friction in nosle 
and blade pauagea ii to cauae loues which increaae with the mean relative 
velocity through them, and with (he surface area ezpoied to the fluid. The lossei 
are influenced by (he nature of (he flow, whether it is laminar or turbulent The 
friction effects occur in the boundary layer on the surface and losses are higher 
in a turbulent boundary layer than in a laminar one. It is found that with curved 
blades the boundary layer is usually turbulent ai the concave surface, and 
initiaily laminar at iBe convex surface. This laminar condition persists for some 
distance along the blade and (hen gives way to turbulence. In reaction stages, 
where a continuous preuure drop, and hessce an acceleration of the fluid exists, 
the laminarcondilion persists over a greater ienglb of the passage, so the friction 
lou is leu than in the impulse stage. For a reaction turbine the enthalpy drop 
per stage is low and a Urge number of stages is required. This increases (be 
blade surface area required, which iiKieases the friction loss, but (he average 
velocities are low and (his helps to reduce friction losses. 

Id Fig. 11.10 (p. 339). a Made wheel and a diaphragm arrangement for a 
compounded impulse steam tuilnoe is shown It is evident that the wheel is 
rotating in a space full of steam. There is a lou at the surfaces of (he wheel due 
to viscous friction d the steam on the wheel and there is an admiuion lou as 
the steam passes ftom the nozzles to (be wheel. Also, in impulse turbines the 
nozzles occupy only a part of Ibe area oppoale tbe bUde annulus, and the 
bUdu pau areas in which they are not being served by nozzles. This lends to 
create eddies in the bUde channels. The effects of this partial admission are 
referred to u blade windage losses. 

The leakage hm in the impulse steam turbine between one stage and tbe 
next through the clearance spuoc between the diaphragm and the shaft has been 
mentioned previously. Another leakage lou occurs at the external glands where 
the turbine shift passes through tbe casing. At one end the tendency is for high 
preuure steam to escape into the atmosphere, and at the condenser end for air 
(0 leak ID from the atmosphere. In diaphragm and external glands It ii usual 
to uact form of labyrinth packing, examples of which are shown in Figs II.29(t) 
and (bl Figure ll.29|a) shorn a possible applicaiion to a diaphragm, and 
Fig. 11.29(b) shows a aection through pan of an external gland. At the LP 
gUnd it is usual to feed a supply of steam at low piessure to the centre 
of the gland By ihd means (heit is a leakage of steam into the turbine, but 
the leakage of air into the turbine is prevented. For tbe diaphragm gland the 
labyrinth packing Rts acrou Use cleariace space, but (here is a small clearance 
at the lip through which tome steam is throttled. For a more detailed description 
and discussion of (he operation of this type of packing reference 11.6 should 
be consulted. 
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Ft(. m9 Eumplea of 
labyrinih packing tot a 
ileam lurhiw 




Fig. 11^ Drum 
coulniclioa for a 
reaction turbine 


There is a leakage loss bciMcn the blade lips and (he casing in all turbines, 
and this is greater in the reaction turbine than in the impulse type due to (he 
pressure dilTerence across the clearance passage. 

Id reaction turbines the drum construction as shown in Fig. 11.30 is usually 
preferred to (he diaphragm and wheel construction of Fig. 11.10. 

The effect of leakages is more imponaol in the smaller turbines since, although 
the wheels, ere. can be scaled down, the working clearance cannot be redaced 
on the same scale. Leakages are hl^test where the pressure is high and are 
predominant over the friclion losses in that case. It is advantageous to use 
impulse stages at the HP end of the turbine and reaction stages thereaAcr. At 
the lower pressures iheftiction losses become more important than the leakage 
losses. 


11.6 Axial-flow compressors 

In the earliest gas turbine units for aircraft (he centrifugal type of compressor 
was used. For low pressure ratios loo greater than about 4/1) the centrifugal 
compressor is lighter, and is aUe to operate effectively over a wider range of 
mass flows at any one speed than its axial flow counterpart. Using lllanlum 
alloys pressure ratios of above 8 have now been achieved. 

For larger units with higher pressure ratios the axial*flow compressor is more 
eflicieDt and is usually prelencd. For induslrial and large marine gas turbine 
plants axial eompressort are usually used, although some units may employ 
two or iiiore centrifugal compressors with inlercooliog between stages. For 
aircrafl the trend has been to higher pressure ratios, and the compressor is 
usually of the axial-flow type. In aircraft units ibe advantage of the smaller 
diameter asial-Bow compressor can offset the diudvanlige of the increased 
length and weight compared with an equivalent cenirifugal compressor. 
However, centrifugal compresson are cheaper to produce, more robust, less 
prone to icing troubles nt high altitudes, and have a wider operating range than 
the axial-flow types. 

All design is a compromise, and it may be ibai under certain circumstances 
two cenirifugal compressors in series msy be preferred to an axial compressor. 
Perhaps the best example of this was in the serres of Rolls-Royce Dart turboprop 
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engines which pressure ratios from 5.4/1 to 6.55/1 with two centrifugal 
compressor stages. 

The design of the blading of a rotary compressor is more the province of 
the aefod>'namidsi. particularly in the case of axial'How compressors for 
high-speed aircraft. For a more eateniive theoretical treatment references 11.2, 
I [A. and 11.5 should be consulted. 

AxidI eompreuor blading 

An aaial*flow compression stage is similar to an axial-fiow turbine stage; it 
consists of a row of moving blades arranged round the circumference of a rotor, 
and a row of haed blades arranged round the circumference of a stator. The 
air flows axially through the moving and fixed blades in turn: stationary guide 
vanes are provided at entry to the hrst row of moving blades. The wori; input 
to the rotor shaft is 1 ransferred by the moving blades to the al r, t hus accelera ting 
it. The blades are arranged so that tbe spaces between blades form dilTuser 
passages, and hence tbe velocity of tbe air relative to the blades is decreased 
as the air passes through them, and there is a rise in pressure. The air is then 
further diffused in the stator blades, which are also arranged to form diffuser 
passages. In the fixed stator blades the air b changed in direction so that it can 
pass to a second row of moving rotor blades. It is usual to have a relatively 
large number of stages and to maintain a constant work input per stage (e.g. 
from 5 to 14 stages have been used y 

The necessary reduction in volume may be allowed for by flaring the stator 
or by flaring tbe rotor. It is more common to use a flared rotor, and this type 
b shown diagrommaijcally in Fig llJl. Tbe rotor is built up of discs of steel 
or light alloy and the blades are titled into lee^haped, or dove-tailed, slots in 
the periphery of the dbc The stator blades are normally spot welded on to a 
nng at one end of tbe blade, and loosely fitted to a ring at the other end, to 
allow for expansion of the blade. This annulus of blades is then fixed to the 
casing by set screws. There are many possible alternative methods of blade 
fixing and rotor and stator design: the above brief dcKriplion has been included 
to give a general irapressioo only. 


Fig.llJI Axial 
cofliprcaior with ftared 
rotor 


laki 
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Due 10 the oon-unifonniiy of the velocity prolUe in the blade passagei the 
work that cas be pul into a gives blade pauagc it less iban that given by the 
ideal diagram. A work dooc fador, K is ioirodueed, defined by 

Work doset,«tor.r-*^‘“’P°*”“P"' (11.29) 

This is usually about IXU for a compressor stage; for a turbine sup the velocity 
profile is much more uniform and this cRect can be neglected. 


Eaampla 11 .6 In an asial-flow air compressor producing a pressure ratio of fi/1 with air 
entering at 20‘C the mean velocity of the rotor blades is 2ClOtn/f, and the 
Inlet and exit angles of both the moving and the fixed blades at the mean 
radius are 45 and 15* respectively. The degree of reaction at the mean radius 
is 50%, the work done factor is 0.66 throu^Mut, there are 12 steps, and 
the axial velocity may be taken as constant through the compressor. 

Calculate the isenlropic efficiency ttf the compressor. 

Solution By drawing the blade diagram to scale (see Fig 11.33). the value of dC^ may 
be found. 

U. dC. wllStn/s 

Specific powcrinpul per sUp ~ C>dC. x wotk done factor 
s200x 115 X 0.66 = 197603 
= 19.78 U 

ie. Compressor specific power input = 12 x 19.78 = 237.4 kJ 
For isentropic compression. 

Exit temperature = (20 + 273) x 6°'*'''‘ = 486.9 K 
ic. Isentropic specific power input = 1.005(468.9 - 293) = 196.9 kJ 
therefore 

196.9 

Compressor isenlropic efficiency - - 0.83 or 83H 


11.7 Overall efflciency, ataga efficiency, and reheat factor 

Overall efficiency 

It has bean shown that as a fluid expands through a turbine or compressor 
there are fiiction effects between the fluid and (he enclosing boundary surfaces 
of the nozzles and blade passages Further losses are produced by leakap. 
Both of these are irreversiblities in (he expansion or compreasioo process and 
there is a leduction in (be useful enthalpy drop in the case of a turbine and an 
increase in (he enthalpy rise required in (be case of a compressor (see 
Fig 11.34(a) and (b)). 
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Pff. IIJS MuJcistA^ 
expusioD for a rtteiion 
turbiae on an h-$ chan 



FrocnafiiospecitonofFig. IU5 ills sees that BC < Ah,;.etc. since the Hoes 
of constant pressure diverge from left to right on the diagram, 

f AA, > AB-f BC + ... + MN 


ix. IAA. > A*^ 

I 

From equation (I} .30 ^ AA^ s . and if it can be assu med that the s lage 
effkiCQcy is the same for each stage, (hen 

I I 

iheKFore 

A*»»>|, jAAu 

I 


Dividing bjr AA^ wc have 



Ahrt “ AA^ 


or >(RF) 

where RF b known as the rehtai Jactor 


RF = - 


I A*. 
A*^ 


2» 

«• 


(11.34) 
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Since £* it,, a ahnyt greater (ban it follows that RF la always greater 

than unity: RFisusually ofthe order 1.04 for a steam turbine. Reheat factor 
was first used by steam turbine designers and is not normally used in gas lurtnoe 
practice: polytropic efficiency (ace later) is used for asiaI>flow gas turbbes and 
air compressors. 


Example 11.7 (i) Steam at IJbar aodIJO'C b expanded through aSOVa reaction turbine 

tea pressureefO.Ubai. The stage efficiency b 71% for each stage, and the 
reheat factor u 1.04. The expansion u to be carried out in 20 stages and the 
diagram power b tequiced to be l2000kW. Calculate the flow of steam 
required, assuming that the stages all develop equal work. 

(ii) In the turbine above at one stage the pceuure b I bttr and the steam 
u dry saturated. The exit angle of the blades u 20% and the blade speed 
latio b 0.7. If the blade height b one-twelfth of the blade mean diameter, 
calculate the value of the mesui blade diamciet and the rotor speed. 

SoAd/o/r (i) The eipansion b shown on an h-s chan io Fig ll.Mla). Using 
equation (1IJ4) 

q, - a, X RF - a71 X 1.04.0.7S 


Fla. nJ4 

k-schan (a) and blade 
velodly dbgnun (b) tor 
Example ll.S 




From the chart hi —1148 kJ/kg and state I is fixed. 

Now S| B J). therefore state 2 b fixed, and hj, b 2291 kJ/ kg 
in. Overall isentropic enthalpy drop ■ 1l4g - 2291 b 35$ ki/kg 
From equation (11.10) 

Me - q, K Ah^ - 0-78 « 855 - 667U/kg 

tA Enthalpy drop per stage = ^ = 33.15 kJ 'kg 
20 

Also ToU] diagram DO«er - 
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21 I'PiY’-'”*” 

r. \P,) 


For a compmsioo proceu il cao be ihown ia a timilar way that 




<11-37) 


(11.38) 


For a |ai turbine with preiaure ratio, r, and polytropic elKciericy, we have 

1 


Isenttopic eflwency. iii - —— 

Tt — Ti, 




1 - 


1 


,j7-lVr 


Similarly for a compressor 

Tsentropie efficiency, e, * 


r’-'r-l 

^r-ioe«e _ I 


(11.39) 


(11.40) 


Eaampla 71.8 A gas turbine unit operates in ambient conditions of 1.012 bar, ]7*C. and 
tbemasimum cycle temperature is limited to 1000 K. The compressor, which 
has a polytropiccfEcieDcy of 88%, is dtivea by the HP turbine, and a separate 
LP turbine is geared to tbe power output on a separate shaft: both turbines 
have polytropic e ft ek n ei es of 90%. Thcrets a pressure loss of 0.2 bar between 
the compressor and the HP turltine inlet. Ne^ecting all other losses, aitd 
assuming negbgible kinetic energy changes, cakulau: 

(i) the compressor pressure ratio which will give masimum specific power 
output: 

111 ) the isentropk efftctency of the power turbine. 


For the gases in both turthnes. take r, ■ I.1S kJ/kg K and y ■ 4/2, 

For air lake c, - I.OOS kJ/kg K and y - 1.4 

Solution (i) The cycle is shown on a T-i diagram is Fig. 11,38. Let pj/Pi “ f- From 
equallonfll.U), 

T, - T,r'- - (17 + 272) u eO-"'-**® •• . 290r“ 

Now 

p, • p, - 0.2 - (p, X r) - OJ • Ifll2f - OJ 


i.e -- 


p, m p, s i. 012 bar 
Pj _ 1.012r - 02 _ 
Pf 


1.012 


r-0.198 
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11.1 Polytraplo •ffldwiev 


Theo 


AUo 


Pi (T,)"-'-*"- (lOOO)"** 


P. (T.) 


(780) 


Z944 


p, m 6.6!p, -02- (&65 X I.0I2) - 0.2 - 4.73 bar 


ihcrdbre 


Then 




T. (p.)*'*’"**" (1.607)»»" 


Tj (p,) (1.012) 

^ (Pi)'-'" d-wy ” 
Tu’iP,) “( 1 ^ 12 ) 
Using equation (9.2) 


- 1.110 


1.123 


Turbine iseotropic efRdeoe;, ifr — 


T,-T, i-(r,/r«) 

T4-r^“i-(r5./Tj 


^-'- < l/J- »> -0.905or9a3% 

1-(I/1.I23) 


Exampi* 11 .& Derise an expression (or the pressure ratio for the ylh stage of an axial.flow 
air eompressot in terms of the stage effideocy, the blade velodly, the change 
of the velocity of whirl across tbe stage, the inlei temperature to the 
compressor, the work done factor, and the specific heat at constant pressure 
of air. Explain why the pressure ratio for any stage of an axial-flow air 
compressor is not equal to the overall pressure ratio to the power of l/n, 
where n is the number of stages. 

Assume (a) the compressor is designed sudi that each stage requires the 
same work input: (b) the stage efficiency of each stage is the same. 

Solution Each stagehasthe same work input and hence the tame temperature rite. Then, 
using equation (11.29) for unit mass Bow rate. 

Actual work done per stage - YC,OC, 

. I'C.AC. 

Actual temperature nse — — - - 

** 

• , li.rc.BC. 

i.e. Iseotropic temperature nse for any one stage — ——-—- 

c, 

where q, is the stage effideocy and T is the work done factor. 


391 



KotodYntmic MtchiMry 


L«i (he (cmpcraiure ii ink( to (be compm&or be 7,. Then at the y\b stage 
of ibe eompreuor 

. • yVCfcAC. 

Actual lemperKure at eut« T| *1* - » »« * 

Actual tcmpeniure at inlet ■ T, + — MfC.flC, 

*» 

iKDiropkleinpcniuierue itiCiAC. Y/c, 

TempenluKaiioItt T, +iy- \UC,&C,/c,)Y 

iMatropsciempmiureateaU (f,C|AC,y ^ 

Temperttufc at ialet fi (y - 1 )C^AC^ Y 

PfeisureratioIbf (berthstage m i—-—^ j I 

+ (>’ - 1 )C»4C,y 3 

Since If,. Y and are constant throughout the compressor, and Ti is 
fixed, it follows that ibe pressure ratio for any stage varies according to the 
number of ibe stage, y. As y increases (he pressure ratio decreases. The overall 
pressure ratio for (he compressor must be equal to the product of the stage 
pressure ratios, but sioee these are not equal then the overall pressure ratio is 
not equal to the pressure ratio for a stage raised to the power of rz. where n is 
the number of stages. 


11.9 Centrifugal comprassors 

A ccDlrifugal coropressor consists of an impeller with a series of curved radial 
vanes as shown in Fig. 11.39. Air is drawn m near the hub. culled the impeller 
eye. and is whirled round at high speed by the vanes nn (he impeller as the 
impeller rotates at high rotational speed. The sialic pressure of the air increases 
from the eye to the tip of the impeller in order to provide the centripetal force 
on theair. Asihcair leaves the impeller tip it is passed through diffuser passages 
which convert mosi of the kinetic energy oflhe air inio an iiKrease in enthalpy, 
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snd bcDce the pressure c4 ibe &ir is further iocreased. The complete compressor 
is shown disgramiudcalty ia Fig. 11.40. Is a gas turbine plant the air from 
the discharge scroll passes lo the combustion chamber. 



The impeUer cnay be double-sided, having an eye on either side of the 
compressor, so that air is drawn in on both sides, as shown diagrajnmaticaUy 
in Fig. 11.41. The advantage this type b that the irapdler is subjected to 
approiicnatdy equal forces in an anal direction. 


FtglMl 

Double-sided 

bnpeller for a centrifugal 

compressor 


Air out 

tf 



II 

Air out 


In practice about half the pressure rile occurs io the impeller vaoes and half 
in the diffuser paasagei 

CenthfugaJ compressors or blowe rs are used for a wide variety of purposei 
in engineeriflg in addition to Iheir use in gas turbine units (e.g blowers and 
superchargera for 1C enpnesX and there b no basic difference in (he design for 
any of the dUTereoi applications. 

Referring to Fig 11^9. if the airflow into the impeller eye is in the axial 
direction the Made velocity diagram at inlet b as shown in Fig 11.42(a). (Note 
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Solution Temperecure aAcr isentropic compression 
- {» + 273) » 4*-* - 43S.4 K 

Le. Isentropic lemperalurc fisc = 43S.4 - 293 - 1424 K 
therefore 


Actual lemperature rue 


1424 

0.B 


I78K 


i.e. Power input per unit mail How rile 
• c, x actual temperature riM 
-1.00Sx|7<-l78.9kJ 


Referring to Fig 11.42(b) C„ > IMm/s (given), and the angk of pre-whirl i> 
given as 23': 


and 


Cw 

C., 


13000 X « X 230 
W X 10* 

• C.,ui>23- 150 X siii23 


196.4 ni/s 

63.4 m/s 


At exit, referriiig to Fig 11.43(a): 


13000 X I X 390 

60 X 10* 


463.4 m/s 


Le. C„ — 463.4 ro/s, since iJie blades are radiaL 
Also, 

Power input per unit mass flow rate = 

> l7g.9kJ (see above) 

Le I7g.9x 10’-463.4C’„-( 196.4 X 63.4) 

C„ »4l2.9ni/s 


Hence 


Slip factor * ^ ■ 0.B9 

C„ 4634 


11.10 Radial'flow turbine* 

*ntc turbines consideTed in the previous sections were of the axial-flow type. In 
the radial flow turbine the fluid is supplied itear the axis and expands in 
concentric rings. This is called an outward-flow radial turbine, but inward-flow 
turbines are also used. The coneeniric rings ofblades may be alternatively fixed 
and moving ot ail moving with alternate rings moving in opposiie directions. 
Tbe blade velocities are effectively doubled by this relative velodiy in the latter. 
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and higher fluid speeds arc used. One turbine using this arrangement is the 
LjuDgstron steam turbine which has impulse-reaction blading. The turbine is 
shown diagratnmaticall)' in Fig. 11.44. Tbe blade wheels A and B rotate in 
opposite directions and their output shafts may be connected to dilTerent loads 
which operate at the same speed. The steam is supplied to the centre of the 
turbine and then cipands radially outwards through the blades of wheels A 
and B. The Uades are of the SO% reaction type. For a more detailed description 
and a theoretical analysis oS this type of turbine, reference 11.6 should be 
consulted. 


Mg 1144 Radial-flow 

Ljua^irdm »ieam 
iMfbiM 



Problems 

11,1 The vdodly of steam at inlet to a simple impulse turbine is lOOOn/s, and the noizk 
ui|k is 20*. The Hsde speed ii 400 n/i %od U)S Wadss m ijri&nctneiL DeierraiM (be 
bUde ugks rf ibe ttetm k to eaier (be bUda without ibock. (f (be frkUon effects on 
ibe blade are netfipble. calodaia ibe tan^ial torn on (he bUder and tbe diafrain 
power for a nais flow of 0.75 kg/t What is the aiial thnisi aod tbe diagram cffldency? 

ir ibe ceUii«« vdodty at cxk is reduced by frktioQ (o S0% of that at fokt. ohat ii 
then (be diagram power aod (be axial tbrwt? Cakvlaie also tbe dugnm efioeocy lo 
this oue. 

(JZM*; m H; 324 kW; Q; »1.5 kW; 51.3 N; 77.7%) 

11^ The fleam from ibe nozsks of a tioil^wheei impulse turbine diaebar^ with a velodly 
of 600 m/s aod at 20* to tbe pUiie of (he wheel Tbe Made wbeel rotatsa at XOO rev/mio 
and tbe meao Made radius is 590 mm Tbe axial vdocily of tbe steam at exit from (be 
Mades is 164 m/% and (he Madcs are symneirieal Caleulaie; 

(i) the Madeaogks; 

lii) the diagram work per uah mas flow rate of steam. 

(di) the diagram effidency: 

(iv) the Made vdodiy coefficsenL 

(2t*4r; 126.2 kJ per kg/s; 70%; a799) 
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tU The nooki of the irapiibe of a tuibuie receive neAn at 15 hai aod 300 *C aod 
discharge it at 10 bar, Tlw isobIc effic i ency u 95% and the nooJe an^e ii 20*. Tlie 
blade ipeed U thai required for naiiiBim work, aod tbe lalet aogte of tbe blades U that 
required for entry of the eteam without shock. The blade eiii angle U 5* tea* ihaa the 
iojk aagle. The blade velocity cceffideat» 0.9. CakuUte for a ataam flow of 1350 kf/h: 
<0 the diagram power; 

(d) tbe diagram cffleieiicy. 

(303 kW:S63%) 

114 Tbe following paniculars apply to a two-row vdodty corupourMfed impulse stage of a 
turbioe: aoaie aogk 17*; bU^ speed 125 n /s; e vt angki of the firat row moviog blades, 
the fiud bladea, arul tbe sccoitd row otovmg biadei. 2X 2b, aod 30* respectively. Take 
the blade velocity cocAcieat for each row of blado aa 0.9. and aiaume that the absolute 
velocity of the steam leaving the stage is htihe asial dtrectlon Draw the velodcy diagram 
for tbe stage and obtain. 

(i) the absolute vclociiy of tbe steam leaving the stage; 

(d) the diagram efficiency. 

(7Um/s:eO%l 

114 Tbe 6m stage of a lurbine U a twthrow vdoaty compounded wbed Steam at 40 bar 
and 400 *C is capanded m tbe noafes to 15 bar. and has a vcfodty at discharge of 
700 m/s. Tbe inlet velocity to tbe stage is oe^igibk. The rekvaot cut angles are: nook 
18*; btt row blades 21*; 6Md Made 26.5*: second row blades 35*. Take tbe blade 
vdodty coeffioeat for aJI blades as 0.9. Ibe meao diameter of the blading is 750 mm 
asid (be rurbene shaft speed U 3000 cwv/inin. Draw tbe velodty diagram for ibis wbed 
and calculale; 

(i| tbe diagram eSdeocy; 

(ii) the stage efficiency. 

(7a8%; 67,4%) 

114 For tlie (ufbiae of Problem tbe mass Oow of steam for each set cd nozzles is 4.5 kg/s. 
Calculate the length of arc occupied by tbe nozzles if the nozzle height is 25 mm and 
the wall thick new betw e en them b negligible. If the blades of the whed have a pilch of 
25 mm and tbe blade tip ihieknes at ezii is 05 oim. calculate the Wade esil height for 
each row, 

41324 mm: 30,2 aun; 33.4 mm; 38.9 mm) 

1.7 In a reaction stage of a steam turbene the noak angk is 20' and the absolute vdociiy 
of the steam at iakt io the moving blades is 240m/a The Wade vdoaiy is 210m/s. If 
the blading is designed for 50% reaction, determine; 

(I) (be Wade angle at inlet and exit; 

III) the enthalpy drop per unit mass of itaam in the moving blades and in the complete 

Stage: 

(ui) the diagram.power for a steam flow of I kg/s; 

(iv| rbe diagram effi cie ncy. 

(79.3*. 20*; 25.3 U/kg: 50.6k3/ks; 50.6 kW; 93.5%) 

114 The speed of rotation of a Wade group of a reacbon turbioe is 3000 rev/min. The mean 
blade vcfodly b 100 m/s. The blade speed ratio is a56 and the eaii angle of the Wades 
b 20*. If the mean spedfie vohuoe of (he fteam b 0.65 m^/kg. and the mean height of 
(he blades b 25 mm. oleubie the mass flow of steam through the turbine. Neglect the 
effect of blade Ihkkaess on tbe anodus area, aod assume 50% nacbon Wading 

(16900 kg/h) 
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11.19 A rcfecbofi turbcfte b supplied with « 4 esm at tt>bsr and tiOO*C Tbe condenser pressure 
b 0.07 bar. If the rcbeat factor an be aasufoed lo be I 04 aod Uw stage efRcincy U 
eomtani Uirouiboui ai 90%. calculate the Mean flow required for a diagram power of 
25000 kW. 

{7S600kg/h) 

11.17 A fcaetioo lurtHoe eipands 34000 kg/b of seaa from 20 bar, 400 X to a pressure of 
0.2 bar. The turbine b designed such that the steam leaving b Just dry salurmisd. The 
reheat factor la li35 aisd tbe iseairopk efiipency of each eiaga is the tame throughout 
There are 14 stages and the enibalf^ drop U the san>e in each All the blades have an 
eiii angle of 22 ’ aod tbe ewan value of tbe blade speed ratio is CU 2 . Calculate the etaga 
cflldency. tbe diagram power, the drum dUmeier, aod the blade height for tbe last row 
of meviog blades. Tba turbine speed is 2400 rev/min Calculate also tbe pressure at the 
entry to the last stage and make a sketch oo the h*r diagram showing the Ian stage 
eipanriorv 

<67.7%; 6035 kW; 1.34 m; 173 mm; 0.31 bar) 

11.11 Tbe gases enter aa aaial*flow gas turbine at 9 bar, 950 *C and leave at Z5 bar. There 
ajT 10 stages, eaeh developing tbe same sped Ac work with the tame stage effidency: the 
flow velodty b cotutaoi ibrougbout at UOtn/s, artd tbe polytroplc elfloeney is 0.95. 
At one particular stage the tnean blade velocity is 140 n/s. the stage is designed for 
50% reaction at ibe mean blade bdghu and Ihe speciAc work output is coaslaoi across 
(be stage at all ridn. 

Assuming that (be gas vdodoes oiterini aod leaving tbe turbine are approximately 
equal and Ukiog 7 ■ 4/3 and e, ■ 1.15 kf/kgK for the gases, calculate; 

(i) tbe blade aogks at the mean radius for tbe st^; 

(it) tbe overall iscotropic effideo^ of the turbii^ 

<id) Ibe stage eAcieivy of each itubiae siago { 

(IS,7^ 57.3*; 96,8%; 85J%) 

11.19 (a I Show (hat for an aaial c o m p ressor of 50 % reaction design whh blade velodiy Cg. axial 
flow componeni of airAow. C|. and inlel blade angle. that 

Spedfle power Input per stage ■ Ck^2^taD IJ » (work done factor) 

tb) A lOHiage axial'flow compressor of 50% readioD deitgti bas a mean blade velocity 
of 250 m's and the blade inlet angle for each row is 45*. The ratio of flow velodty to 
blade veloaty is a75. the work done factor for each siage is 0i7 and tbe tsecircpic 
cflWiency of ibeeompeessor is085. Aiaumioganalr mid lempertluinof 20*C cakulalt: 

11 ) the esit angle (he blades: 
liil ihc pressure ratio of tbe compressor; 

(iii) the pressure ratio of tbe Am stage. 

(Hint; For part (hi) u a firsi approximation take Ihe nags sneieoey to be equal to the 
compressor polyiropie effkseocy.) 

(19.4'; 7.6/1; I.3l7/Jj 

IIJM A centrifugal compressor runniAg at 16000 rev, 'min lakes la air at 17 *C and compresses 
it through a pressure ratio of 4 wilh an Hentroptc cfHciency of 92%, The blades are 
radially inclined and (be dip factor a OflS. Guide vana ai inlet give the air an angle of 
pre.whirl of 20' lo the axial direetioci; lake the mean diameter of Ihe Impeller eye as 
200 mm arid the absolute air leloaiy at inlet at 120 m/s. Caleulale ihe impeller lip 
diamder 

(549 mm) 
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Positive Displacement Machines 


The function oF a compressor b to take a definite quantity of fluid (usually a 
gas. and most often air) and delim it at a required pressure. The most effloient 
machine b one which will accomplish (his with the minimum input of mechanical 
work. &oth reciprocaling aod rotary positive disrdacement machines are used 
For a variety of purposes. On the basis of pefforrnance a geiteraJ distinction can 
be made between the two types by deflnmg the reciprocating type as having 
the characteristics of a low mass rate of flow and high-pressuR ratios^ and the 
rotary type as having a high mass rate of ftow aod low-pressure ratios. The 
pressure range of atmospheric to about 9 bar b common to both types. 

Some rotary tnachioes are suitable only for low-pressure ratio work, aod are 
applied to the scavenging and supercharging of engines, and the various 
applications of exhausting and vacuum pumping For pressures above 9 bar 
the vane-type rotary machine can be used to supply boost pressures, but for 
sustained high*pressure work up to SOObar and above, for special purposes* 
the reciprocating type b used. 

Both basic types eabi in many different forms each having its own 
characteristics, lltey may be tingle or mulUstagc. and have either air or water 
cooling The reeiprocaiing machine b pulsating in action which limits the rate 
at whieh fluid can be delivered, but the rotary machine b continuous in action 
and does not have this disadvantage. Use rotary machines are smaller in size 
for a given flow, lighter in weight and mechanically simpler than their 
reciprocating counterparts. The treatmeni and scope of the following sections 
b fundameniaJ aod b oot exhaustive. Many compcMsori are designed to 
overcome the dehoencies of the basic machioes and to satbfy special 
requirements. For desaiptions of these machines the excellent literature supplied 
by the manufaaurers concerned should be consulted. 

For B compressor which operates in a cyclic or pulsating manner, such as 
a reciprocating compressor, the properties at inlet aod outlet are the average 
values taken over the cycle. Alternatively the boundary of the control volume 
is chosen such that states 1 and 1 are constant with time, the positions selected 
being rernote from the pulsating dbturbancc. 





crank, and cylinder arrangement. InitiiDy the clearance volume in Ihe cylinder 
vrUI be considered negligible. Also the working fluid will be assumed lo be a 
perfect gas. The eyde takes one revolution of the crankshaft for completion 
and the basic indicator diagram is shown in Fig 111 

The valves employed in most air compressors are designed to give automatic 
action. They arc of the spring-loaded type operated by a small difTcrence in 
pressure across them, the light spring pressure giving a rapid closing action. 
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PMith** di*plae*fn«nt m«ehli>M 


Using etgualion (3.24) Tor area abef. 

Work inpul - l- Pi ki - P, I', 

If •- I 

i.e. Work input • (p^ • p, ^,>1.^.2—I 

*t ” I 

-( 12 . 1 ) 

n - I 

From equation (Z6) M can write 

p, F, m mAT, and piF^^mRTi 
where m is the mass induced and delivered per cycle. Then 

Work input per cycle a ■■ niBlTi - Ti) 112.2) 

n - 1 



Fig. 12J CompressioD 
process on sp. r diagram 


Work done on the air per unit time is equal to the work done per cycle times 
(be number of cycles per unit time The rate of mass flow is more oDen used 
than tbe mass per cycle: if Ihe rale of mass flow is given the symbol m. and 
replaces m in equation f l2Jk then tbe equation gives the rate at which work 
is done on the air. or the iodicaled power. 

The working fluid changes state between a and b in Fig I2Z. from Pj and 
T, to Pi and Tj. the change being shown in Fig 1Z3. which is a diagram of 
properties (■«. p againu pk 

The delivery temper a ture is given by the equation (3.29), 



EKampIn 12.1 A sing)e-siage reciprocadng compressor ukes I m’ of air per minute at 
I.OUbar and ll'C and delivers it at Tbtr. Assuming that the law of 
compression is pV' '* w constant, and that clearance is negligible, calculate 
Ihe indicated power. 

p, F, 

Solution Massdcliveredpermin.i(i > 


where T, > IS + 213 = 28)1 K. 


1.013 « I u 10’ 
281 X 288 


• 1.226 kg/min 


( . ( 1 \lt.S 

yj “^(TouJ 
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therefore 

J’-a002B3 m’ 

U. Cyiisder bore - 1*1.4 mm 

4.2M 

Power iopul to the comprettor • •- 4.99 kW 

therefore 


Motor power 


Proceediog from equatkia (12.2). other eepretiioni lor the indicaied work 
can be <lerir^ le. 

lodicalcd power ---mA(Tj — Ti) •-rthKTi[ ^ — 1 ] 

It — I d*'l V*i / 

Abo frois equatioo (3J9) 

Thererore 

indicated power = —^iaJir,|^—^ —1| (116) 

or Indicated power = ('ll) 

where P b the volume induced per unit lime. 


The condition for minimum work 

The work done on the gat u given by the area of the indicator diagram, and 
Ibe work done will be a minimum when the area of the diegrem Ua miitiinum. 
The height of the diagram b 6aed by the required prenuie ratio (when p, b 
fUed), and the length of the line da b filed by the cylinder volume, which it 
iuelf filed by the required induction of gat. The only procew which can infiuence 
the area of the diagram b the line ab. The position taken by thb line b decided 
by the value of the index ii; Fig 12.4 showt the limilt of the posiible proceatea. 

LiiK ab, b according to the law pV ■ contUol (Le. isothermal) 

Line abj b according to Ibe law pF' ■ conitani (ia. iscnlropk) 

Both proeestes are reversibte. 

Itoihemial comptet ti on b the most de^bb process between a and b, giving 
Ibe minimum work to be done on the gas. Thb roearu that in an actual 
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Example 12.3 


12.1 n«c<prpc*tlr>g e omprtoof 



compressor the mi icmpetatvre must be kept as ek»»e u possible to its iniluO 
value, and a rncaos of coolwf the laa is always provided, either by iJ r or by water. 

The mdicated work dooe wbea the gas is compressed isothermaJIy is giveo 
by the area ab|Cd. 

Area ab|Cd * area abid + area b|C0e — area adOf 

Area ab|ef s In — (from equatioo (3.9)) 

Pi 

Pi 

indicaled worii per cyde a Jn —•f p, K, —P|V, 

Pt 

Also pi>^ > P 7 K^, since the process ab, is isothcnnal. (hererorc 


indicatedwork percycle * PjV^ In — 


' Pi 


■PiKIn- 

(12.8) 

Pi 


wmArin^ 

(12.9) 

Pi 


When m and I', in equations (12.8) and (12.9) arc the mass and volume induced 
per unit time, then these equations give the isotbennaJ power. 


Iiothnrmal officiancy 


By definition, based on the indicalor diagram 


Isothermal efficiency 


isolbennal work 
indicaled work 


( 12 . 10 ) 


Using the dau o( Example IZ) calcuiale the isothermal efficiency of the 
compressor. 
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U. Indicfttcd power ■ ^i) 


--2-fc*(T,-r,i (iiii) 

■ - 1 

where I* ii the mus induced pei unit lime • (rA, - >A«). 

Acomptriun of equttioiu (1111) end (112) (howl thei ihey ere idenlicaL 
The woik done on compretsiiig the meat of (u ih, (or A,) on compreuion, 
e-b, it retuincd «4>eD the get eipeodi from e to d. Hence the work done pet 
unit meti of air delivered ii unaBected by the lire of the clearance volume 
Olber expreuioot <nn be derived ai before. Prom equation (117) 

Indicaledpower-—J -1 

Abo. if there ate/cycles per unit lime, then we have: 

( 1112 ) 

therefore 

Indicated power ■-^Pi/(Pa ” 0^^^) 

The mast delivered per unit time can be increased by designing the machine 
to be double acting, i-e. gas is dealt with on both sides of the piston, the induction 
stroke for one skte being the compression stroke for the other (sec Fig 12.)). 


Eaampio 12.4 A single-suge. doubte-acting air compressor is required to deliver 14 ^ 

air per minute measured at lAIJbar and I5°C. The delivery pressure is 
7 bar and the speed 300rev/mitL Take the clearance volume as S% of the 
swept voluoK with a compression and ro'etpansion indes of n * 1.3. 
Calculate the swept volume of the cylinder, the delivery temperature, and 
the indicated power. 

Solution Referring to Fig 118 

Swept volume " (K ~ P<) * H 
and Oearance volume, V, - OOSP, 
in. y, - IMV, 

Using equation (1112) for a doubtc-acting machine 

Volumeinducedpcrcyde.(K - Pj)« —— 

300 < 2 

- 00233 m’/cyde 

(cyelea per minute = revolutions per minute » cydes per revolution). 
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Flf. IZJ Preuurc- 
volume diagram Tot 
Eumple 12 ^ 


12.2 RaelpceeattnQ eompraaa^ra (neluding etoararte* 



Now 


K.- 



O.OSK 



iii-i 


i«. 


therefore 

(K - y,) - - 0-0233 mVcyde 

therefore 


V, 


a0233 

0.829 


0O2SI mVcyde 


ie. Swept volume of compressor * 00281 ot^ 

( _ \H- IW 

from equatim (3.29) 

usd r, • 15 -f 273 - 288 K 


r,-2881 

• 4S0K 


{—1"” 


therefore 

Delivery temp. • 177*C 


Using equetioo (12.7) 


Indicated povrer 



r--i 
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PoWthf* maclilow 


1.3 1.013 X 10’« 14 7 J 

“as* 10' X 60 (IroBj 

i.e. Irdicaied power w $7.6 kW 




kW 


The tpproich uied for » particular problem depends on how (he data are 
staled and the quantities evalualcd dunnj the st^ution. In some problems li is 
better to evaluate di and T, and then use equation (12.11) for the indicated 
power: c.|. in Example 114 above Tj has been calculated, and (he mass induced 
it (iven by 


1013 X 14 X 10' 
0237 X 28S X 10' 


I7.l6kg>min 


Then, using equation 112.111 


Indicated power 


—T,) 
n — I 


1.3 X 17,16 X 0.237(430 - 288) 
03 x60 


-$7.6lcW las before) 

The diagrams prevsoudy shown (e^. Fig. lift) are idea) diagrams. An actual 
indicator diagram is similar to the ideal except for (he induction and delivery 
prcxzsses whidi are modi6cd by a valve action. Tbk is shown in Fig 12.9. The 
wavincss of the lines d-a and b-c is due to valve bounce. Automatic valves 
are in genera] use (see Fig (111. and these arc less definite in action than 
cam-operated valves; they also give more throttling of the gas. The induction 
stroke d-a isa mixing process, the induced air miiing with that in the cylinder. 


Fig tU Actual 
indicator diagram for a 
tcciprscauni 
compressor 



Volumetric efficienev. i|v 

It has been shown (hat one of the effects of clearance is to reduce the induced 
volume to a value less than that of the swept volume. This means that for a 



12.2 Rsciprocatiiifl comiirwMn Inoluding olMrann 


required induciion (he cylinder size must be increased over lhat calculated on 
the assumption ofzeroclearance.Tbe volumetric efficiency isdcAned as follows: 

I), » the mass of gas delivered, divided by the mass of gas which would 
fill the swept volume at the free air conditions of pressure and 
temperature (12.14) 


U, * the volume of gas delivered measured at the free air pressure and 
temperature, divided by the swept volume of the cylinder! 12.15) 

The volume of air dealt with per unit time by an air compressor is quoted as 
the free air delivery (FAD), and is the rate of volume flow delivered, measured 
at the pressure and temperature of the atmosphere in which the machine it 
situated. 

Equations (1114) and (1115) can be shown to be identical, i.e. if the FAD 
per cycle is K at p and 71 then (he mass delivered per cycle is 

*=£!: 

RT 


Tbe mass required to fill the swept volume. V,. at p and T is given by 




,PK 

RT 


Therefore by equation | Ili4). 

«r V 

~ ” pf; “ K' 

The volumetric efficiency can be obtained from the lAdkaior diagram. 
Referring to Tig. 1110 

Volume induced « K - ^4 « K + K ' 


Fl^ mo Indtcitor 
dttpera for a 
reciprocatini 
compreuor 
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FIf. 12.11 Preisun- 
voluoK diagram for 
Euiaple 12.5 


12.2 Racipneatlng compraaaora Including ctaanncn 



nbere (he FAD ia F a( p and 7^ 
I.0U X 14 X I0> 


Le. 




I7.l6kg/nun 


0.2S7 X 28< X 10* 
where r - 13 + 27} .n 2«S fC. 

7i “ *0“***®'' (3.29) 

( n yi.i-iui.j 

— 1 -4S3.6K 

where r. =. 32 4 273 = 305 K. 

From cqualioo 112.11) 


indicaCed power ---i4*(Tj - T,) 

II ~ 1 


U X 17.16 X 0.287(423.6 - 303) 
a3 X 60 

• 6X5 kW 


As before 



( 7 

—j - OOSK. X 7.368* 

• Oa32K 


(herefore 


K-Vt=V,- 0.232V. - 1.05 V. - 0-232V, » 0.gl8V. 



12.3 Mvlttft«9« comprwgJon 


Fi(.lZn Elhcloii 
Ibe voluiBtuic (iGckncy 
orincreiUng Uie 
delivery preuure 



The indicator diagram for a iwo-suge machine is shown in Fig. 12.13. In 
this diagram it is assumed that the delivery process from the first or LP stage 
and (he induction process of Ibe second or HP stage are at (he same pressure. 


Fig- 1X13 Pressure- 
volume diagram for 
twchsiage compression 


r* 



The ideal isothermal compression can only be obtained if ideal cooUng ii 

continuous This is didtcull lo obtain during normal compretiion. With 

multistage compression the opportunity presents itself tor the gas to be cooled 
as it is being transferred from one cylin^t to the next, by passing it through 
an intercooler. If Intescooling is complete, the gas will enter the second stage 
a( the same lemperarure at which It entered (he tirsi stage. The saving in work 
obtained by inlcrcooling is shown by the shaded area in Fig 12.14 and the 
diagram of the (dant b shown in Fig 12.15. The two indicator diagrams abed 
and a’b'c’d' are shown with a common pressure, p,. This does not occur in a 
real machine as there b a small pressure drop between the cylinders. An 
afler-cooler can be fitted after the delitecy process lo cool the gas. 
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dtipiiCTimwt mtcMitm 


^12.14 Eikaof 
miercoolmi on tKc 
comprtnion work 


Pit. ms Plan 
ihowing intercoolini 
betweco compreasor 
tupa 



Tbe 4kbvery temperiturea from Che two stages are given by 

mpeciinly. This tuumes ihal (he gis U cooked in the inlercooler beck to the 
inlet ttotpcniure. end is celled comptcle iniereooling. To celculaie (he indicated 
power lliecquaiioDt (12.11) or (1113) can be applied to each stage separately 
and the reeults added lofeiber. Two-stage comprtssioti with complete 
intercooliog and aller<ooluig. and equal pressure ratios in each stage, is 
repr es e n ted on a T-j diagram in Fig 13.16. 


|].l» r-s 
diagram showing 
intercoolmg and 
altercoolins 


die 



12.a MultM*e« oomprMs^on 


Exampit 12,S In a single-acting, two-siagc ctcipiocating air compressor 4.Skg ofiii per 
minute are compressed from 1.013 bar and 15’C through a pressure ratio 
of 9 to 1. Both stages have the same pmsure ratio, and the law of compression 
andespansion in both siagesit pV * • constant. Ifintercooling is complete, 
calculate the indicated power and the cylinder swept volumes required. 
Assume that the clearance volumes of both stages are 5Vi of their respective 
swept volumes and that the comprcsior runs at 300 rev/min. 

So/undr) The two indieatot diagrams are shown superimposed in Fig. IZIT. The LP 
stage cycle it abed and the HP cyde it a'b’c'd’. 


Fig. 13.17 Pressure- 
volume diagrtm 
showing both suges for 
Eumple 12.7 



Now P 2 » 9pi, atso Pi/Pi * Ps/Pi. therefore 
Pf = PiPj“9p! 
iherdbre 

Pi/Pi -79-3 
Using equation (329) 

l-ffiT-” therefore 

T, \pj 2*8 

where T, - IS -i- 273 - 288 K. and I; is the temperature of the air entering the 
intercooler. 

U. T; • 288 X 1.289 - 371 K 

Now as n. ift. and the temperature dilTerence are the same for both stages, 
then ihework done ineich stage is the tame, 'nierefore using equaiion(IZII) 

Total indkaled power — 2 x--jAfffTi - T,| 

fl ” 1 

2 X 1.3 X 4.5 X 0287(371 - 28g| 

0.3 X 60 

- ISJ kW 
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Exampla 12.7 


Solution 


Tom minimum pewtf x (power required for one stage) 

OftelemtollhecwilIp cm u f erMiopt/pi.we have, using equation) 1120), 

Pi _ _ /Pi 

P. Pi V Pi 
therefore 


Also 


Torn minimum power - 2 x ^{( J^)“‘ - ■) 

n be shown to extend to > stages giving in general. 

Total minimum power--ij (1122) 


Pfcsiurc ratio for each stafe * 


(1123) 


Hence the condition for minimuni work b that the pressure ratio in each stage 
b the same and that iateroooliog b compiele. (Note that in Example 116 the 
information given implies minimum work.) 


A three-stage, single-aciing ab compressor running in an atmosphere at 
1.013 bar and IS*C has a free air delivery oS 183m’/min. The suction 
pressure and temperature are tX98 bar and 32*C respectively. Calculate the 
indicated power required, assuming commie intercooling n - 1.3, and that 
the machine b designed for minimum work. The delivery pressure is to be 
70 bar. 

w , . . . . P*' 1013 X 10* X 183 , , . 

Mast air delivered » — — - 3.47 kg/ram 

where r- 1 $ 4 273 - 288 K. 

Then using equation (1122) 


Total indicated power 


.■'-) 


IJ 3.47 X ft2g7 X 288// 70 

’‘oj’' » 

-24JkW 
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Besides the benefits of multistage compressioa already dealt with there are 
also mechanical advantages. The higher pressures are confined to the smaller 



12.4 8t«aclr*flow atwlyaia 


usum«4 chat about 30% of (he friction power goes to Jocreasiog the energy 
transferred to tbe cooling water, in addition to tbe heat transferred to (he cooling 
water from the air in the cylinder. 


12.4 Staady-flow analysis 

In seciion 112 innprcssion wai obuined (tquaiion |llll))fonhcindicaie0 
power required to ukc a mass flow rale of gas. rk. in nale I and deliver it at 
a higher pressure in stale 1 This was done by analysing Ihe internal processes 
of the machine. Another approach is to consider the compression process as 
one of steady Aow, as shown in Fis 12.20. with (he change of slate from 1 
to 2 being achieved by a non-flow process of polyltopic compression, as indicated 
in the properly diagram of Fig. 1121. 


Fig. I2jg Stesd) flow 
through a reciprocailmg 
compressor 


Flg.IUI 

Coicpression process on 
a p r diagram 


Pi.Ci.T, 



h' 'i.Ti 



The sleody-flow energy cv|ujiion for the system shown in Fig. 12.20, neglecting 
changes in polcnlioJ and kinetic energy and for unit mass flow rale, is 

A, 4-C + IF-h, 

Ihctcforv 

e + IV . h, - h, 
or for an elemental process 

d() edit wjh (a) 
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Then a comparison may be made on the basis of a Roots efficiency, 


^ . workdoocisenirotMcally 
Lc. Roots emaeocy ■ -—^^— 
actual work done 


ix. Roots efRocDcy 


lr/(y- DlPiKlCPi/p.l"-""- i> 

(r- iMr- I) 


where r - pressure raiio, pj/p,. 

From equadon tZ22X we ceo write 


T _ t, 

7-1 « 

therefore 


Roots efficienev = - 

Rt (e-l) 




( 1129 ) 


For a Roots air blower value of pressure mio, r, of 1.2. 1.6, and 2 give 
value for the Roots cStdency or0.94S, 0.84, and 0.765 respectively. Thee value 
show ibai tbe cfficseocy decreases as the pressure ratio increasei 

Tbe actual compressioo process is not quite as simple as that described. 
When the dispCacemcat volume y b opened to the delivery space a pressure 
wave eaters which increases with the opeoing and moves at the velocity of 
sound. This wave is reflected from the approaching lobe to the delivery space. 
The pressure osdOaiioaa set up unsteady conditions in the delivery space which 
vary considerably from one design lo another. Tbe actual torque and loading 
on tbe rotors are higher than is suggested by ibe p* V diagram, and fluctuate 
with high Frequency. This fluctuation is uansmiiied to tbe drive and creates 
diflkullies due to vibrations. This machine has a number of imperfections, but 
is well suited to such tasks as the scavenging and supercharging of 1C engines. 

Roots blowers are built for capaoties of from 0,14 to 1400 /min. and 
pressure railoi of the order of 2 to I for a singte'Stage machme and 3 to 1 for 
a iw^tage machine. Other designs have been produced to improve on tbe 
Roou blowivr. one of these being the Bkera compressor, designed by the British 
Internal Combustion Engineenng Research Association (BICERA). 


Vanw type 

The ample vane type is shown in Fi^ 12.24 and consists of a rotor mounted 
eccenfrMly in the body, and supponed by baU> and roUer*beanngs in tbe end 
C 0 V(.rs of the body. The rotor is slotted to lake the blades which are of a 
rton'Oteiallic material usually hbre or carbon. As each blade moves past the 
ackt p3t<flge, compressioD begins due to decreasing volume between the rotor 
and casing. Delivery begins with the arrival of each blade at the delivery passage. 
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PttlU4 Vane-l>pe 
poiilive diiplaceinenl 
CODIplossor 


Fit. 1125 Preuiue- 
volume diagram Tor a 
vane.type comprestor 


Exacnpl* 12,9 


Solution 



This type of compresiion diRcn from ibal of (he Roots blower in (hat some or 
all of the compression is obtained before (be trapped volume is opened to 
delivery. Further compression can be obtained by the back-flow of air from the 
receiver which occurs in an irreversibie manner. 

Thep-1'diagram is shown in Fig. 12.25. F, is the induced volunK at pressure 
p, and temperature T,. Compression occun to the pressure Pi, (he id^ form 
for an uncooled machine being isentropic. At this pressure the displaced gas is 
opened to the receiver and gas flowing back from the receiver raises (he pressure 
irreversibly to pj. The work input is given by the sum of the areas A and B, 
referring to Fig. 1225. Comparing (he areas of Fip 1223 and 1225 it can be 
seen that for a given airflow and given pressure ratio (he vane type requires 
less work input than the Roots Mower. 



A rotary sliding vane (ivo-stage machine is shown in Fig 1226; in this type 
the vanes are in contact with the cylinder walls. 

Compare the work inputs required for a Roots blower and a vane-type 
compressor having (be sarna induced volume of0.03 m’/rev, the inlet pressure 
being 12)13 bar and the pressure ralio 1.5 to I. For the vane type assume 
(hat internal compression takes place through half the pressure range. 

Pi * 12)13 bsr 
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Fl|. I2J6 RoCaiy 
>lidm| vfiM l»<v92Ap 
poaidve displacement 
compressor 



tberdbre 

P 2 • IJ)I3 X 1.5* I SKlbar 
For ihe Roots blower, relerrinf to Fi^ 12.23 
Work done per rtvoluHon » (p^ — Pi)K 

»(1.520- 13)13) X 

» 1.52 U/cw 

For the vane type 

(i.5 X 1.013)+ 13)13 


10^ X (X03 
10 * 


ft** 


« 1.266 bar 


Referrinf to Fi|. 1Z2S 

Work required s (area A + area B) 
Now using equation (12.7) with n^y 


wr-'h'- 


1.4 

. — ) 
0.4 


1.013 X 10’ X 003 I 


• 0.70U/r<v 

where I', is given by equition (3.191. 

- . 

-0.0236 m’ 
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ateaB-11.520- 1 . 266 ) X 10’ x 0.0256 kJ/rev 
-0.65U/rev 


12.0 Vacuum pump* 


therefore 

Work lequiied - 0.70 + 0.65 - 1.5SkJ/rev 
(compared with ibe work requited Cor the Roots machine of 1.52 kJ/rev). 

Rotary sliding vane compressors are used with free air deliveries of up to 
I50mV>nin and pressure ratios up (o 8.5 to I. For special applications and 
boosting, preasure ratiot of the orto of 20 to I have been obtained from this 
type. The larger machines are usually water-cooled. 

Lubrication is importaot with vane-type machines and is accomplished by 
injecting oil to the vane tips in contact with the casing Some machines, having 
carbon vanes, require no lubricatioa Another version is designed to reduce the 
friction between vane and casing This employs a floating drum which rotates 
between the rotor and casing ai>d does not allow the vanes to make contact 
with the casing The only movement of the blades relative to the floating drum 
is along the sktU. See Fig 12.26. 


12.6 Vacuum pumps 

Rotary positive disidacement pumps are used to produce a vacuum or to 
scavenge a vessel An examine of this type of pump is shown in Fig 12.27. The 
rotor is ectaniricady mounted in the stator arid carries two blades which sweep 
the space between the rotor and stator. The gas being exhausted enters through 


Fig 1L27 Rotary 
poutivc dispiaceinczK 
vacuum pump 
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the vacuumconoeciioiiaDd is compressed before ddnery through the discharge 
valve. The efBcieocy of such pomps is impaired by the presence of condensable 
vapours, and means must be provided lo deal with these if necessary. The 
vapours lend lo condense before ddivery through the discharge valve and mix 
with Ihe sealmg oil The iiquid eveniuaiiy evaporates into the vacuum syiiem 
and loviert the vacuum obiainaUe, as well as impairing the sealing and 
lubricating properties of the oil 


12.7 Air motors 

Compressed air is used io a wide variety of sppMcaiioos id industry. For some 
purposes ait'Opcrated motors are the most suitable forms of power, especially 
where there are safety requiremeou to be met as in mining applications. 

PneuRUiic breakers, picks, spades, nminers, vibrators, nveters, etc. form a 
range ofhand tools which have wide applications in constructional work. They 
are light in construction and suitable for operation in remote situations for 
which other forms of power toob may not be suitable. The action required of 
such tools, with the a&sodated simplicity and robustness of construction, is 
obtained with air-operated design. 

Basicnily the cycle in the reciprocating expander is the reverse of that in the 
reciprocating compressor. Air is supplied to the air motor from ao air receiver 

in which the air is at approximately ambkai temperature. There is a pressure 
drop in the air line belween (be receiver and the motor. The air expands in the 
motor cylinder lo atmospheric pressure in a manner which is polytropic (i.e, 
the expansion is iniemally reversible and the law of expansion is pr’ - constant, 
where n < 7 . and is usually about 1.31 It (he air is initially at ambient 
temperature, then this form of expansion will bring about a reduction 
in the uir temperature as lower pressures are reached. The temperatures reached 
may be sulRcienily low to be below the dew-point of the moisture in the air 
I see section 15.2): ibis moisture may be condensed, and the water formed may 
even be cooled to its treeaing.poinL This may lead lo the formation of ice in the 
cylinder with the consequence of blocked valves. To prevent this condition it 
may be necessary lo preheat the air to an iniliul temperature which is high 
enough to prevent the formation of ice. This healing of the air causes an increase 
in volume at the supply pressure and reduces ihe demand from the compressor. 
Further, the temperature at which the heal transfer ts required is low. and a 
low-grode supply of heat or 'waste heat' may be ulilieed for Ihe purpose. 

A hypothetical indicaior dugmm for an air motor is shown in Fig. 12.28. 
In this case the air expands from I lo the pressure p, at the end of Ihe stroke. 
There is then a hlow-Jawn of air from 2 to }. Air is exhausted from 3 to 4. and 
at 4 compression of the trapped or rusAion air begins Air at the supply pressure. 
Pi,, is admitted to the cylinder at (he point 5 where it mixes irreversibly with 
the cushion air. The pressure in the cylinder is rapidly brought up to the inlet 
value. pA- The further supply of air is made at constant pressure behind the 
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12.7 Air motor* 


Fig. 12J8 Prtsaure- 
volume diagram for an 
air moior 


■ 


moling pisirKi to (he point of cut^ofF i( I. The oil^fTratio is given by 
F - F 

Cut-off ratio — — -S 

*■> - 

The effect of the cushion air is to give a smoother-running motor. The position 
of the point S depends on the point of initial compression 4, and on the law of 
compression pV“ a constant Tbe condilions may be such that the points 5 
and 6 coincide. 

The analysis of such a diagram is best carried out from basic principles, as 
iUusiraied in tbe foHowing esample. 

Example 12.10 Thecyhnderolanair motor basaboreofdUmm and a stroke of 114 mm. 

The supply pressure is 6.3 bar. (he supply temperature 24 ^C, and theeihaust 
pressure is 1.013 bar. The clearance volume is i% oS (he swept volume and 
(be cut-off ratio is OJ. Tbe air is compressed by the returning piston afler 
it has travelled through 0.9S of its stroke. The law of compression and 
eipansion is pF'-' = constant. Calculaie; 

|i| the lemperalurt at the end of eipansion; 

(ill the indicaied power of the motor which runs at 300 rev/min; 

(iii) the air suppli^ per minute. 

Solution (i| Referring to the cycle irf Fig 1128 

Clearance volume • v. • F, a 003 F, 

.Since the cut-off ratio. IF, — F,)/(F, - F,), b 0.3. therefore 
F| - 0.5F, + 0.05F. - 0.5SF. 

F, - V. + F, - 1.05F, 

Now 

F,-F.,-a«(F,-F,| (given) 
or F,-F,aa05K 
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Iberefoic 


y,» O.OSK O-OSK <• 0.1 K 

p, y,-p,y‘ 


Iberefocc 


U. Tempeniure after apaiuion = 244.6- 2T3 - -2t.4*C 
(ii) Now 

Work output per cycle - area I 234 S61 
Work output s. p,(K, - Pj) + 

and Swept volume = * ’* - 0J6I k IQ-’m* 


4 X 10* 


therefore 


Work output per cycle 
• (6.3 X I0> X 0361 X 10" x 051 
10’ X 0.361 X 10 


03 


<163 X 0.55I-II7I8 X 1.051} 


-(1.013 X 10’ X 0361 X I0~’ xO.05) 

_ 1(2.494 xO.OS)-( 1.013 X Oil) 


i.e. Workoulpuipercycle- 113.2 + 23.5 - 34.7 - 2.8 
- I49.7J/cyde 
iM 7 « vm 

Power developed - —^^ - 0.749 kW 

60 X 10’ 

(Mil The maas induced per cycle is given by (n, -m.). It l< necessary to 
determtne the temperature of the air at 4. which can he taken as equal to that 



12.7 Alrmqton 


at 3. It u assumed ihai the air in the c>lioderai the poiol 2 expands iteDtroFxeaU^ 
(0 the exhaust pressure. T he r e for e 


i«. 


T, 


"4 


n, 


RT, 287 X I84,S 


f,V, <.3 » I0» xO.55 «aMI X I0~* 
RT, ~ 2*7 y M7 


l.«75 X lO-’kg 


therefore 


loduccd mass per cycle «(1.4673 x 10 ^) — (0.0691 x 10*’) 

- 1.398 X 10*’kg 

ie. Mass flow rate of air supplied = 1.398 x 10*’ x 300 s 0.42kg/min 


Fig. 1129 

Cbarsetehflio of a 
small vane*iype air 
motor: (a) power- 
speed. (b) torque-speed, 
(c) air eonsumpiioo * 
sjMd 


Air motors can be rotary ia aclioo and are then similar in form to their 
compressor counierpans. see section 125. Figure 1229(a). (bX and (c) show 
the torms of the performance characterisiics of a smalX OJ kW, vane type air 
motor in terms of power/speed, torque, speed, and air consumption/speed. An 
air motor which receives air from a coosiani pressure sup^y can be controlled 
to meet the load requirements by htiing a restrictor either before or after the 
motor. It can be shown by a consideratioa of a simplified p-F diagram, 
neglecting clearance, that fitting tbe restrictor before the motor requires a lower 
airflow than fitting it after. The reader should establish this for himself and also 
Uiow that the airflow rate required is approximately proportional to the supply 
pressure to the motor for a given duly. Figure 1230 shows the results of a test 
on a small air motor which gives a 2 SV» reduction in air requirement if the 
restrictor a on the inki side to the motor. 
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Fig. 12J0 Teti results 
for a Yunc'type sir 
motor »ilh miricior 
control Inn load) 
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Problems 


Air is to be compressed in a gogle*sli|e reciprocating compressor from 1.013 bar and 
15 *C 10 7 bar Calculate the indicated power required for a free a<r deli very of 0 3 m' * m in. 
when tbe compreifloo proccM is as follow^' 
li) iseniropic; 
lii) reverrible notheniuU: 

(in) polyiroptc. with n ^ 1.2$. 

What wUI be the ddi/ery temperature in each case? 

n 5lltW;0.MkW; I.WkW; 227.3 C; IS'C 150.9*C) 

The compressor of PioUem 12.1 h to run ai 1000re>,min. U ihe compressor ii 
ungle^ing and has a siroke/bore ratio of 1.2/1. calculate the bore size required. 

168.3 mml 

A siogk'SUge, ungle*acting air compressor ruruiing at 1000 rev/min delivers iir at 
25 bae. ^'or ihs purpose ihe ioductiao and free air coodiiions can be taken u I.OI 3 bar 
and 1$’C. and the FAD as 0.25 The dearance volume is 3H of the swept 

volume and ibe stroke, bore raiso ii 1.2/1. Caleulate; 

(ij the bore and stroke, 
lil) the volumetric eftnenc); 
tiii) the indicated power: 

(iv) the isotbermai efficie n c y , 

Take the indet of compression and rt^epansion as I.X 

nU mm: 87.8 mm: 6? 7 'A; 2 kW; 67,7 H} 
The compressor of Problem 12.3 has actual induction conditions of! bar and 40'C 
and the delivery prenuie is 25 bar. Taking the bore and stroke ts calculated in 
Pre^kra 12.3. calculate the FAD rekned to 1013 bar and IS ‘C and the Indicated power 
required. Calculate abo the volumetric effideney and compare it with that of Problem 
IZX 

f022«m’'nun; I.WkW:61.2%;67.7%) 
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12.5 A con)pre$$or is required to ddixer air ai 70 bar from an ind uctioa pressure 
of I bur.ai ihe raieofS'l m’/cwnmeasuredaifreeajrconcliUomof I.QI3 bur and }5*C 
The comprcsston is earned oul in two stage* »ith an ideaJ iniermedtaie pressure and 
compicie m(crco(dib$. The efearaflct volume is 3% of ihe swept volume in earis cylinder 
and the comprcaaor speed is 7$0 rcr iDiii. The indea of compresason and re-cipanslon 
IS 1.35 for boihcylinden and the ccmpemiure at the end of the mdueiion stroke in each 
cybnder is )2 C. The mechanical eAcwoey of the compressor u 1155». Calculate: 

|i^ (he imJicaied pouer required; 

lii) ihe saving m power uwr singk^siage compression between the same pressurci: 
Im) the swept volume of eaeh cylinder. 

|ivi the lequired power output of the 4nv« motor. 

<2174 kW; IVtikW, U(XI59d m\ 0.000474 tn^; 26.75 kW) 
I2.d For the compressor of Problem J15 calculate the heal fc)ecied per minute to the jacket 
cooling water of each stage, and Che beai rejected per minute to the incercooler. Assume 
that 50*'» of the hsctioo power in each iiage a iraiuTerred to the jacket cooling water. 

(264 kf/min: 478 kJ/mlnl 

12.7 A singfe-eyhitder. singfe-acting air compressor of 200 mm bore by 250 mm stroke is 
constructed so That ns clearance can be uhered by moving the cylinder head, ihe stroke 
being unaflected. 

1u> Using the dau below calculate; 

|i) the free air delivery: 
tnj the power icquuvd from tbe drive niotoi. 

Dsts Ctearaoce voiume set al 700 on^; rotational speed. 3(X> rev /nuo; delivery pressure. 5 ha r; 
suction pressure and temperature. I bar and 22 C; free air conditions, 1.0(3 bar and 
15 C: iodea nf comptessioQ and re^apansson. 1.25; mechanical etfioertcy. 80Va. 
ibr To what minimuin vaiue can the clearance volume be reduced when the delivery 
pressure is 4.2 hur. assuming I hat the same driving power is available and that the suction 
condhiona. speed, value of indei. aod mechanical efficiency, remaiD unaltered? 

(l.bbm^.mia; 7.1 kW;458cm^} 

12.4 A slngle*actiog siagle-cyhnder air compressof running at 300 rev/min is driven by an 
ckciiK motor. Using the data pvea bdow, and assuming that the bore U equal to the 
stroke cakutaie: 

(ij the free air delivery. 

|ji> the voluractnc effiei e oc); 

(nil the bore ami stroke. 

Def$ Air inlet conJitioav 1.013 har and 15 C. delivery pressure, 8 bar. clearance volume, 7% 
of swept vokicne; index of compression and re*cxpaauon. 1.3: mechanical efficiency of 
the drive bciween motor aod comprevvoc, If7%: motor power output. 23 kW. 

|4A7 mVram; 717%; 29? mm) 

12.6 A iwo'Siage air con^tmsor eomists of three cylinderi having the same bore and stroke. 
The delivery pressure b 7 bar and the FAD n 4.2 m Vmin. Air ts drawn in at t.OI 3 bar. 
15 'C aod an mte r coo ter cools the air to 38 'C The index of compression ts 1.3 for nil 
three cylinders. Neglecting ckarancc cakuSaic; 

III the tntemicdtate ptexsun, 

I ii| Che power required lo drive the compressor; 

|iii| the isothermal efRckncy. 

(2l9bar; 16.2 kW; 84.5%) 

12.10 A fouT'Stage compressor works belW’cen limits of I bar and M2 bar. The index of 
compression in each stage is 1.28. the temperature at the start of compression in each 
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iiage 4 }2*C lad ibe ioccnnediAte prcisiifts art so cboseo ihai tbt work U divided 
equally among (be itagew Negketing elearmnee. caJeulale; 

(i> (he (cmperm(ure a( delimy from each iu|b; 

(ii| (he volunw of free av deli^vml per kilowai(*hour al l OU bar and l$”C; 

|iii> (he uoibermal eSIeKwcy. 

(lU'C; d,BfnVkWh; %T6%) 

12.11 A singk^liMkr. singlo^iag redproc a dng ur compressor supplies a water>cockd 
recmvcf from which (be air is dnwn off for procom work. Tokmi iba polytroptc index 
of compression and re<ipansion as IJ. and using (he data below, calculaier 

01 (be pressura in (be receiver; 

(ii) (he rale of heal rqection from (be receiver; 
fiiil the votumeinc efficieocy of (he conpreoscr: 

(iv) (he requrrtd power mpul to (be eoenpecssor. 

Oare Cylinder bore, 200 mm:stroke, 230 mm;ro<aiionalspeed,440 Tev/inm;elearaiKe volume. 
5% ci swept vofuAc; ambieni pRSiire and (emperalurt in compressor bouoe. I.OI bar 
and lOX; irerage pmsure and lempersture durini (be inducuon siroke, 1 bar and 
20' C:«otune flow rate of air drawn off lor process work. 0.6 tn */ mm ai I ? *C. 

Nole: Uk a inahand-error netbod for pan (ik 

(5 ter: 6.14 kW: 819%; 9.B5 kW) 

12.12 Air 41 I.OU b«r and IS *C is to be coopceued at (be role of to 1.7$ bar. 

Two moebines are eonsidered: (a) (he Roois Wow^; and (b) a sliding vane rotary 
eornpreuor. Compare ite pow e r s required, oosumiog for the vane type that iniemal 
compression takes place ihrougb 75% of the pressure rise before delivery takes place, 
and (hat (be compressor is oo ideal uocooled machine. 

16.88 kW; 5-71 kW) 

12.19 Air IS coopressaf in a iwo-sUfe vio^type compressor from 1.013 bar to 2.75 bar. Using 
(he data below, and assuming equal pressure nnos in each stage, that compression is 
complete is each sio^ that (he maebioe operaies in on ideal manner, and is uiscooled 
apart froro the isiercooleT, eakulaie: 
liliht power required; 

(d) (he volume Sow rite measured at the dehvery pressure. 


D91M Free air delivery, 42 m^ 'ffiin ai 1.013 bar aod IS'Ctiaierecolmg between stages is 75% 


compicle. 


(l2?kW;?.2lmVmm) 


12.14 The following panseulats refer lo a singit'actiog air motor: cyliisder ditmeier 380 mm; 
siroke 610 mm; speed 200 rev/nun; supply pressure and temperaiiue 62 bar and 1$0‘C; 
back preuure 1.03 ter; indes of eapansioo and compression 1.35: cut •off ratio 046; 
cirarance vulumc 20% of swept volume mocteftical eAeiency 95%. 

Assuming ihii ihe temperature and pressure of the oir in the clearance space at the 
beginning of odmKsren ore 6.2 bar and ($0*C cokvlale: 
lOthe air consumpiioo; 
lii) the air lempcfature aflet blow>4ow«: 

(bi) Ibe frotiioB of stroke travdkd by the piston before recompretsion begins; 
liv) the shaft power developed _ 

, (a54kg/5:-14.3 X: 0,463; 719 kW| 


Refer«nce 
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Reciprocating Internal- 
combustion Engines 


Tbeoreiicel power cycles irc considered in Oiapier 5. and the p~v diagrams 
analysed are similar to those obtaioed from actual reciprocating engines. There 
am. however, fundaraeiital mechaaical and thermodynamic differences between 
the cycles, which make eompahson less valuable than might be expected. 

In (he iheoretica] cycles them is no chemical change in the working fluid, 
which is assumed (o be air. and (be bea( exchanges in the cycle are made 
externally to the woriciog fluid, in the practical cycle (be heat supply is obtained 
from the combustion of a fuel in air and (hus the air charge is coosumed during 
combustion and the combustion products must be exhausted from the cylinder 
before a fresh charge of air can be induced for the next cycle. The practical 
cycle consists of the exhaust and ioduetton processes together with the 
compression and expansion processes as in the theoretical cycle. Further 
differences between the ideal and the actual cycles are discussed ia section 13.8. 

The reciprocatiog engine mechanism consists of a ^ston which moves in a 
cylinder and forms a movable gas-tight plug, a connectiog-rod and a crankshaft 
I see Fig. 13. IX If (be engiiie has more (ban one cylinder then the cylinders, 
pistons, etc. are identical, and all the connecting-rods are fastened to a common 
crankshaft The angular positions of the crank-pins are such that the cylinders 
contribute their power strokes in a selected and regubr sequence, fry means of 
this arrangement (be reciprocatiog motios of the piston is convened to rotary 
motion ai the crankshaft. 

There are many types and arrangements of engines, and some classification 
is necessary to describe a particular engine adequately. The methods of 
dassifreatjon arc as follows; 

(i) By the fuel used and the way in which the combustion is initiated. Petrol 
engines and gas mgines have spa/k ignition (SIX Diesd engines or oil 
engines have compression ignition (C1|. In the ST engine the air and the 
fuel art mixed before compressioiL In the Cl engine the air only is 
compressed, and the fuel is injected into (he air which is then at a sufliciently 
high temperature to initiate combustion, 

(ii) By the way in which (he cyde of processes is arranged. This is defined by 
(be number of complete strokes of the piston required for one complete 
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Fit* 13.( Rtciprocattnf 
1C vn^ne 



cydc. The s(r<Ae of ibe pHion U (he distance it moves from (he position 
most Citreme from (he crankshaft to ihai nearest il. This takes place over 
hair a revolution of the crankshaft. In petrol engine practice (he extreme 
positions of the ptston are referred to as lop dead centre (TDC). and hottom 
dead centre tBOCj (see Fit> ITI^ In oil-engine practice the>' are referred 
to as iiurer dead centre and inner dead centre respectively. An engine which 
requires four strokes of the piston (i«. two revolutions of the crankshaft) 
to complete its cycle is called a /eue>xrroke evefe eni/ine. An engine which 
requires only two s(r<4ies of the piston tie. one crankshaft revolution) is 
called a rHo-.srr<Ae civfi* rni^rm'. 

In all mipr oca ling intemal<ombu>tion tICt engines the gases are induced 
into and exhausted from the cylinder thrcHJgh ports, ihc opening and closing 
of which uie related to (he pcsion position. In a (wo*srroke engine the ports 
can be opened or closed by the piston itself, but in the four*siroke engine a 
separate shaft, calkd the camshaft, is required; this is driven from Ihc crankshaft 
through a 2 lo I speed reduction. The cams on this shaft operate valves, called 
poppci valves, cither directly or by rrieans of push rods. Modern high-speed 
petrol engines have two camshafts, one operating the exhuust vuivcs. and the 
other openling the inlet valv'es The timing of the valves and (he point of 
ignition dre fundamental to the engine performance, and the specified liming 
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13.1 Pc u r'ttroh* evei* 


is «result o( comprotoise beiween tbe tuny tacton involved and is determiaed 
enpirically. Tbe beginning and end of each process does not coincide with the 
TDC and BDC poa(ioDS> aJihough luwii&aBy each process may be associated 
with a piston stroke. TIk timing of the valves can be indicated on a p-K 

diagnm. but it more convenintly tcpresenied by meaot of a tbnint diagram 
(m« Fig 1}J) in terms of cnnkshall angle. 


13.1 Four>Mrak* eyela 


Figure 13.2 ibovti a typical p>Fdiigram for a St petrol engine. The individual 
iirokca ace given under (he headings below. 


Fig 13.2 Presture- 
voluine diagraa for a SI 
eugiae 



Induction stroks, 1-2 

Tbe air-plus-fuel charge is induced into the cylinder as the piston moves from 
TDC to BDC Due to the movement of the piston tbe preuure in the cylinder 
is reduced to a value betwe e n the atmospheric pressure, and air fluws through 
the iuduetion lynem beenuse of this pressure difference. On its way to the 
cylinder the air passes through the carburettor in which the metered amount 
of petrol is added to the air. Nominally the inlet valve closes at point 2. but in 
fact this does not occur uoiiJ the piston has moved pin of the way itong the 
return stroke. 


Comproulen strok*. 2-3 

With both vtivei closed the charge is compressed by the piston. At the TDC 
position the charge occupiea tbe volume above the piston, which is called the 
clearance volume, and consists mainly of the volume of the combustion chamber. 
The spark is timsd to occur at a point such as S. which is before TDC There 
is a time delay between S and the actual commencement of combustion. The 
combustion process occurs mainly at almost consunt volume, and there is a 
large increase in pressure and temperature of tbe charge during this process. 
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Working ttroko, 3-4 

The hoi hi|h-pte»i>re |i< expuidt, pusbiDi the piiion down ihe cylinder. It 
would eppeer thit ihie eipenxion ihould p r oce ed (o completion it 4, but in 
order to mill In eiheiMtiaf Ibe gueous pioducU Ihe exhiusl valve opens it 
some poisl E which is before BDC At this point the pressure is about 3.S bar 
or higher and about 60H of Ihe gas is eshausled iMlween E and 4 as (be 
pressure in the cylinder Ms to oearly atmospheric pressure. 


EKhnuot ttroke. 4-1 

The rcluntlng piston dears Ihe swept volume of cshauit gas, and (he pressure 
during (his stroke is t&gblly higher (ban atinospheik pressure In a normally 
aspirated engine as described, the dearaoce vdutne cannot be eabausted. and 
at the conuneDcement of the next cyde this vohune is full of exhaust gas at 
about atmospheric pressure The mixture which ie compressed thus consists of 
the fresh air plus fuel mixlure, diluted by a quantity of exhaust gas from the 
previous cyde 

It should be remembered tbal tbe maximum volume of fresh charge whidt 
can be induced is equal to the swept volume, 1 ^, but tbe actual mass induced 
in practice b less than the maiimum possit^ for reasons which will be 
considered later. 


Timing diagrams 

A typicul timrng diagram Ibr a four-stroke petrol engine b shown in 
Fig 13 J.and Ibe angular pofitions in terms of crank angle podlion are quoted in 
rdaiion to tbe TDC and BDC poaiions of the piiion. Tbe points on tbe diagram 
are as follows: 

lO Inlet valve opens. The actual posilion u between I0‘ before TDC and IS* 
after TDC 


Fig. 13d Timing 
disgram for s 
fbui-itrokc SI cegiu 
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19.2 Twe*itr«ktt cyol* 


Fig. 13.7 T«o*)ttoke 
SI engine with 
erankcBM ccmpreuioa 


Spart phig 



E. is uocovered by the piston a&d exhaust begios. TIk transfer port, T, is 
uncovered later in the stroke due to (he shape of the piston or the position of 
(he port in celatioo to the port E, and the charge ia the crankcase. C. which 
has been compressed by the desceodiog pistoa enters the cylinder through the 
port T- 

The (»ton can be shaped to deflect the fresh gas across the cylinder to assist 
(he scavengiag of the cylnidcr; this is called crws-flcv scavenge. As the piston 
rises, the transler port. T, is closed sli^ily before the exhaust port E, and 
after E is dosed compression of the charge in tbe cylinder begios. The 
diagram and the timing diagnun for a two-stroke petrol engine are shown in 
Fig. 13.8U) utd (b^ 


Fig. 13^ Pressure- 
volume (a) and 
timing (b) (Uagrani for 
a two^iroke SI engint. 
(I)tnki angle (80* 
ipprojL); (E) exhaust 
•agle (130* ipprox.i; 
(T) transfer ai^ (IW* 
approx.) 






445 



RtcIprocvtJng Im4rnftj>com9v«tion EnQinas 


Insicad of the spring-hMded valve. S. a design with a third port may be used. 
This is an induclioD port controlled by the piston, and through which the 
mixture is dram Into the crankcase. 

The above description of the livo-siroke cycle applies also to Cl engines with 
the eiception that air only is compressed, and the sparking plug is replaced by 
a fuel injector. 

Crankcase compression has been described but the scavenging and charging 
of ihe cyliDdet may be achieved by other means. A separately phased pump 
cylinder with its pision driven from the crankshaft may be used A positive 
displacement compressor or Uower driveo from the engine is a third way of 
charging the cylinto. 

The deflector paio& which is unbalanced and can cause 'rattle', may be 
dispensed with and a flat piston used. The scavenging is then obtained by using 
two transfer ports which divert the incoming air up the cylinder. This is called 
'reverse flow', or 'inverted flow', and the system is called loop scovenge. 

In engines which have simple inlet ports and poppet or sleeve valve controlled 
exhaust ports, the inlet and exhaust pons are placed at opposite ends of the 
eyfinder and the fresh charge sweeps along the cylinder towards the exhaust 
port. This is called unf-yfow scarenpe and is applied with great mechanical 
simplicily in opposed piston engioes. 

For several reasons (he iwo-suokc cycle has more application in the Cl field 
than In the SI field, especially for stationary constant.speed engines. In such 
engines a number of ingenious arrangements have been palenied in an attempt 
to dispense with the scavenge blower. Some designs have used (he Kadenacy 
eflecl, which employs the high vacuum created by suddenly releasing Ihe exhaust 
gas through large-area, sharp-edged ports. With constant-speed engines it is 
possible to 'tune' the exhaust system such that (he HP exhaust gas leaving one 
cylinder can be used lo 'pack' anoiber cylinder which is on Ihe early pan of 
its ioduclioD stroke. 


13.3 Other types of engine 

In the early daysofdcvelopmeni of the four-stroke engine one of the difficulties 
was the noisy poppet valve mcchaoisni. As an altemalive Ihe s/m<r enliv became 
popular. A sliding sleeve is fitted in between the piston and the cylinder, the 
movement of Ihe sleeve being controlled by an overhung crank-pin driven from 
a shaft at half crankshaft speed. The movement of this valve controls the inlet 
and exhaust ports in (he cylinder. 

Engines have been developed which are called mafii'/iiel rngiRes; such engines 
will run on any petroleum fud from diesel fuel to premium petrol. The main 
n^cation of such enguKs is (or military purposes and it is unlikely that they 
will have extensive commercial application. 

The ll■lal•/■Irle>Ipi■lr bofconsklerableiodusirial inleresl Some diesel engines, 
naturally aspirated or turbocharged (see section I3.12J can be used as dual-fuel 
engines. Tbey are started on diesd oil and then run on an available gaseous 
fuel such as melhaoe. natural gas. sewage gas. coal gas. etc. The combustion 
process requires a pilol inieclion of oil which amounts lo 7-10% of the full 
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power supply when riumutf 4S t diesel eogme. The chajigeover from diesel 
fuel to (ss cu> be done automitically or maauaUy. To supply the pilot injection 
of oil a second set of pumps is required which delivers fuel to the standard 
injectors. 

A considerable amount of effort has been put into the development of the 
fne puron enpiee. In (his type of engine the ct^shafl and coonecting-rod are 
ditpcBied with, and two opposed but connected pistons operating in the same 
cylinder are used. The free piston engiiic it described more fully in section 13.14. 
One of the main a^ilieatioai of the engine is that instead of having a separate 
air compressor driven by an 1C engine the compressor and the engine can be 
combined with the result that the intermediate rotating shafts are eliminated 
and a more compact unit is obtained. This is espedally important for portable 
air compressors which are used extensively. Another use for the free piston 
engine is as a 'gasifier' from which the gaseous products of combustion are 
exhausted at a suitable pressure and allowed to eipaod through a gas turbine. 
No power output is taken from the free piston en^ne, the power output of the 
unit being that oblaitted from the turbine. The potential field for the smaller 
size free piston engine is regarded as being with road, rail, and tracked vehicles, 
earth'moving cqujpsncnt, high-speed snaiiiie craft, cargo ships, and in generating 
stations. 

Some dassificution of 1C engines has been given, but (his is not exhaustive. 
The appUcalioQS for such engines are wide, both in (he type of duty to be 
performed and in (be power required. Modem developments promise the 
appfication of 1C engines not only as individual units but as part of a complete 
plant to suit some speciaUzed purpose. 


13.4 Critdria of pttrformanM 

An engine is selected to suit a particular ai^kation. the main consideration 
being its power, speed chatacteristjes. Important additional factors arc initial 
capital cost and running cost. Id order that different types of eogioes or different 
engines of the same type may be compared, certain performance criteria must 
be dehttcd These are obtained by measurcmenl of the quantities concerned 
during bench tests, and calculation is by standard procedures. The results ace 
plotted graphically in the form of performance curves. 


indicatsef power (ip) 

This is defined as the rate of work done by the gas on the piston as evaluated 
from an indicator diagram obtained from the engine. An indicator diagram has 
the form shown in Fig 13.9. Figure 13.9 shows both (he power and the pumping 
loops. 

The mean effective pressure has been defined in scctiOD S.9 aod may be 
applied here. 

Net work done pcrcyckx (area of power loop - area of pumping loop) 
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rilt. 13.11 Vanaiionof 
m«chan:cul efficiency 
uilh hruke power 


19.4 Criteria of porformenee 


Brake power (bp) 

This is the raeasured oulpul of the engine. The engine is connecled to n brake 
or dytumomeier which can be loaded in such a way that ihe torque escricd 
by the engine can be measured. The dynamometer may be of the absorption 
or the (ransmission type. Absorption dynamomelcis arc the mure usual and 
can be classified as: fi) friction type, used for the smaller powered, lower.spccd 
engines; In) hydraulic: Iiiil electrical: |iv| air-fan type With types li). (ii|. and 
liii). Ihe torque is obtained by reading off a net load. W.ttu known radius. R. 
from the asis of rotation, and hence the torque. T. is gisen by 

T»»'« 113,4) 

The brake power is then given by 

b;--2n\T 113.5) 

In the transmission type of dynamometer the torque. T. iraDsmllled by the 
driving shall is measured directly. :ind the bp is obtained by subslilunon in 
equation 113.5). With air fans Ihe torque is obtained from a calibration curve 
for the fan. 


Friction power (fp) and mechanical efficiencv< Im 

The dilTcrencc between the ip and the bp is the friction power tfp). and is that 
power required to overcome the fricuonal resislaoce of Ihe engine pans. 

i.c. fp»ip - bp (13.6) 

The mechanical cflidcncy of the engine is defined as 

Mechanical cfficMDCv. ifif ■ " (13.7) 

'P 

where usually lies between 80 and 9034. 

The fp is very rtearly consiani at a given engine speed: if (be load is decreased 
giving lower values M bp, (hen the variation In qu with bp is as shown in 
Fig 13. It. At zero bp at the same speed the en^nc is developing just sufficient 
power to overcome the friciiotial ttsisunct. 

MechanicaJ cffioency depends on Ihe ip and bp. and is therefore found by 
evaluating these esperimentally. A considerable amount of literulure has been 
published dealing with mechanical eflicicncy and the analysis of engine power 
losses. A useful report on this subject is that of ref. 13.1, and the conclusion 
is that no single method is satisfactory m every respect for (he evalualion of 
mechanical efficiency. The four main melhods are as follows: 
ti) Measurement of the ip and the bp by the means already described in the 
preceding subheadings. 

|ii) Measurement of (he bp at a given speed followed by 'motoring' of the 
engine uitb the fuel supply cut off. This method can only be used on engines 
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vriih an ekclhcil dyounonieicr. che dynanramctcr being used us a motor 
instead of us a generator in order to motor tbe eogtoe at the firlDg speed. 
The torque an be measured under firing and under motoring conditions 
and tbe mechanial efltciency evaluated. The fact tbai an electrical 
dynumomeler can be used to fiisd the mechanial efficiency in this way is 
one of the main advantages of this type of dynamometer, 

(iii) Tbe Morse test: this is only appbabk to multicylindec engines. The engine 
is run at tbe required speed and tbe torque it measured. One cylinder is 
cut out, by shorting tbe ^ug if an SI engine is under mi, or by disconnecting 
an injector If a Cl engine is under lest. The speed falls because of the las 
of power with one cylinder cut out. but is restored by reducing the load. 
Tbe torque is measured again when the speed has reached Ils origmal 
value. If the values of ip of the cylinden are denoted by I,, fj, /), and 
(considering a fout-cylindereogiael, and the power losses in each cylinder 
are denoted by L|. Is. L|. and L,. iben the value of bp. B, at the test 
speed with all cylinden firing is given by 

fl - - L,) + (f, - i.,) + (I, - t,» + (/. - L.) 

If number I cylinder is cut out. iheo the contribution /; is lost; and if ibe 
losses due to that cylinder remain tbe same as when it is firing, then the 
bp, B,. now obtained at the same speed is 


B. = (0 - I.,) + (f, - Lt) + (I, - L,) + (/. - L.) 
Subtracting Ibe second equation from the first gives 



kM 

FII.I3.U Fuel 
consumption sgainti 
beske power for a Cl 
engine 


B - B, w J, |13.g| 

By cutting out each cylinder in turn Ibe values ij. / j.and/« can be obtained 
horn equations sitnikt to(IUL Then for the engine 

t-I, + l, + l, + I, (13.9) 

(iv) 'Willan's line': ibis method is applicable to Cl engines only. At a constant 
en^ne speed the load is reduced in incremesis and the corresponding bp 
and gross fuel consumption readings are taken. A graph is then drawn of 
fuel consumplion againsi bp. as in Ftp IXIZ The graph drown is called 
ihe'Willan’s line', and is estrapolaied back to cut the bp axis al the point 
A. The reading OA is taken as the power loss of the engine at lhai speed. 
The fuel consumplkm al zero is given by OB; If the relutlonship between 
fuel consumplion and bp is assum^ (0 be linear, then a fuel omiumpiion 
OB is equivaknl to a power loss of OA. 


Brake mean effective presaure (bmap), thermal efficiency. 
end fuel consumption 

The bp of an engine can be obtained accurately and conveniently using a 
dynamometer. 

From equation (13.7) 
bp - x ip 
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Exsmpls 13.1 


Solution 


Dividing equation 113.111 by equation 113.13) gives 
— « — * 

ihcKfore 

111 " lu » lit (13.14) 


A four-cylinder petrol engine has a bore of SI mm and a stroke of 90 mm. 
Ill rated speed n 3800 rev/min and it is tested at this speed against a brake 
which has a torque arm of 0.358 m. The net brake load is 1SS N and the 
fuel consumption is 6.14 l/h. The specific gravity of the petrol used is 0.T3S 
and It has a loner culoriric value. o( 44 300 kJ, kg. A Morse test is 
carried out and the cylinders are cut out in the order 1. 2, 3, 4, with 
corresponding brake loads of 111, I06J, 104.2. and III N, respectively. 
Calculate for this speed, the engine torque, the bmep. the brake thermal 
efhciertcy. the specific fuel consumption, tfie mechanical efficiency and the 
hnep. 

Using equation (13.4) 

Torque, r = ff’R = 155 * 0.356 = 55.2 N m 
Using equation (I3J), 

= = l62kW 


From equation (IXIO), 


bmep s 


bp « 2 
ALKn 


162 K 2 X 4 X 60 X 10' 
a X 03)57* X 0.09 X 2800 X 4 X 10’ 


• 7.55 bar 
Using equation (13.11) 


9ai“ 


hp 


16.2 


"I X C- 


0001376 X 44200 


— « 0.266 or 26.6% 


where «, - (6.74/3600) x I x 0.735 - 0.001 376 kg/e 
Using equation (13.121. 


rfc.51.2^^-0.000085 kg/kJ 
bp 162 

It is more convenient to express sfc in terms of fuel consumption rale per unit 
power and to espiess the fuel consumplmn rate in kilograms per hour rather 
than kg/e 


Le. sfe - 0000085 x 3600 - 6306 kg, kW b 


Using equation (13.8) for each cylinder in turn, and substituting brake loads 
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Solution The condiciod of (he e>hius( ini|4ies a s(olch>oin<(nc air- fuel ratio which for 
petrols cao be takeo to be 14J/]. 

Front Example (34 

A,-0.001 376 kg t 
therefore 

Air mau flow rate - 14.5 x O.OOl 376 - 0.01995 kg 's 
therefore 

... , . . O.OI99S X 287 X 288 

Volumedrawriiri per unit time.l' --:- 

10' . 1.013 

- 0.0163 m’s 

Now 


i.e. 


Swept volume of engine - /Huint’ .'cycle 


ALnN . . 

—-—m ,mm 


a X 0.057* X R09 X 4 X 2800 
4 X 2 X 60 


0.0214 m’,5 


Then using equation (13.15) 



00163 

0.0214 


= 0.76 or 16% 


13.5 Engine output and efficiency 

The power output of an engine depends on the conditions under which it it 
tested In order to make reported performances aaeptable and comparable, 
standard procedures are established which d^ne (he quantities to be measured, 
the methods of tneasuremeiit to be used, and the procedure to be adopted for 
reporting The standards which apply in the UK are defined in British Standard 
IBS) 5514 (ref. 13.2) which is equivuleni (o the corresponding standards 
ISO 3046 of (he Intemaiional Organisation for Standardisation (ISO). In the 
United States the standards are (hose of the Society of Automotive Ertgineers 
|SAE)aod are described in the SAE/fnndbook. fM4,volume3or ils replacement. 
In Germany the standards are those of the Deutsche Industrie Norm (DIN) 
and in (he UK also the power and torque outputs of engines are ofteri quoted 
to (be DIN procedures. Standards are withdrawn or updated from time to time 
and the different starxlards may become fewer as a single international standard 
emerges. 

The power output changes with (he atmospheric conditions of pressure, 
temperature, and humidity and if (be test conditions are not those of the relevant 
standard the readings of power and fuel consumption taken must be corrected 
to (he defined conditions and procedures of the standard. The power output 


454 



13-S Englnt output ind •ffieiMOir 


also depends on the fomi in which (he en^nc is lesied with regard to (he 
auxiliaries with which it is hKed, Lc. fully or partly equipped. Diesel engine 
power, torque and fuel consumption values or complete ehanctertstics are 
readily available; for petrol engines ntaximum values ^ power (kilowalts) and 
(orque (Newton metres) are quoted, but fuel consumption figures are not so 
readily come by. For private vehicle useiheovanll vehicle performance figuita 
are quoted as power and torque (o the specified standard, usually DIN, and 
(he fuel consumption figures (o oIRdal tests voder the Passenger Car Fuel 
Consumption Order 19g} in litres/100 bm at the specified test speeds of 90 and 
120kro/h (56 and 75 mphV 

For example for one particular engine the power (in kilowatts) and torque 
(in Newton mclres] outputs quoted to different test standards were respectively 
69 and 359 lo BS 5514.72 and 377 to DIN 7O02a 79 and 369 to BS AU 1141a. 
and 72.6 and 366 to BS 649. showing a considerable variation. This range of 
variation of (he main performance paraoKlers indicates (he necessity for a 
rationalization of eogme test standards. 

Table 13.1 details the power and torque performances of engines (mainly 
petrol) lo DIN ratings and the fuel consumptions of vehicles in which they are 
fitted. Some bask engines appear in different forms with different earburation 
or fuel inyectioo systems, have alternative forms of ignition and may even be 
supercharged by means of a turbocharger (see section 13.12). Similarly, the 
same engine may be availaUe in different forms of vehicle, e.g saloon, estate 
or cabriolet which have different aerodynamic characteristics with corresponding 
vehicle perfonnance figures. The comparison of engine power outputs by the 
criterion power/volume should be done with the understanding that for a given 
total engine capacity the small capacity mulUcylinder engine will give a higher 


Table 13.1 Some 
private vehicle engine 
and road perfomtances 
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value than an engine with fewer, larger cylindert because the volume is swept 
more frequently lot equal piston speeda 

The last two engines lisied art different versions of the same engine and are 
(he power ratings (or intermittent running The continuous running characteris¬ 
tics for the same engines are shown in Fig 13.21 (p 443|. 

The specilic fuel consumptions at nuuimum power vary between 0.20 and 
a2Slig/kWh with somewhat lower values (by 0.005 to aOIOkg.kWh at ihe 
ntasimum torque condition^ 

The details quoted in Table 13.2 art for the smaller size diesel engines for 
industrial and c o mmercial vehicle use. Engines in Ihe higher power range. 
1000-3000 kW, are In service in bst patrol boata for electrical power generution 
on warships, on offshore oil rigs, in rail traction includ.ng high-speed trains 
and in suhiniritie ap^rikations. 


Table I3J Some dieui 
engine performances to 

B5 5514,DIN 6270 
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66 

6 
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130 4(3200 
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Diesel engine competition with Ihe petrol engine for the private ear market 
is an interesting study cxeitise. The principles of Ihe diesel engine were well 
known at the sun of Ihe ceolury and prior to the Second World War a few 
diesel-engined cars had been built as conversions from petrol engines. The 
advantages of the diesel of better fuel coniumption and longer engine life were 
well known, particularly (or use in laais which are used for shon journeys and 
have high annual mikages. For such applications the savings in fuel cost favour 
the diesel engine but its relative progress has been slow. In the late 1970s only 
about 69000 diesel private cars and vans were in uieln ihellK.bui the number 
rose to about 519000 in 1966, and currently is in eieesi of I 300000 of which 
over 650000 are private cars. The performance of an early 11974|diesel-engiDed 
vehicle compared favourably with that ofa smaller petrol engine, e.g a 1.8 kite 
diesel compared with a 1.3 litre petrol engine gave similar Journey times and 
overall fuel cmis of about half those of the petrol engine. The noise level of the 
diesel engine was not acceptable and the dxscl was regarded as being sluggish 
in comparison with the petrol engine. Modern diesel engine design has lurrowed 
(he gap between the two with engines becoming lighter, quieter, and more 
responsive. The belter fuel consumption of (he diesel makes it an attractive 
power unit for the taxi and vehicle fleet owner, provided the price of diesel fuel 
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remains sulRcicnily Umcr than ihai of peirol. Ancihcr important factor is the 
frequency and cost oTsenke work requifc4 by the diesel and petrol equivalents. 
Diesel eopnes required more frequent servicinf. but the intervals between 
servicing are approaching equality. 


13.S Performance characteristics 

The testing of 1C engines consists of running them at different loads and speeds 
and taking sufficient measurements for the performance criteria to be calculated. 
As well as the measi 'emenls required for the criteria of section HA the airflow 
is required to give the air-fuel ratio and the combustion products can be 
analysed (see section 7.6). 

An energy balance is sometimes presented for an engine, and 'he heat taken 
by the cooling water is obtained by measuring the rale of dow of the water and 
its temperature rise. The outlet temperature of the cooling water is usually 
limited to about l$0'C to prevent the formation of steam pockets. To estimate 
the energy of the enhaust gav an exhaust caiorimeief can be lilted: this is simply 
a heat exchanger in whkh the exhaust gas is cooled by circulating water, the 
rate <if flow and temperature rise of which are measured. In order to avoid 
condensation of the steam in tbc gas, the gas is not usually cooled below about 
50'C. 

The items usually included in an energy balance and expressed as percentages 
of the energy supplied by the fuel (Le. 16 , v are as follows: (a) bp; 

(b) the heat to cooling water: (c| the enet^ of the exhaust referred to inlet 
conditions, or as obtained by an exhaust calorimeter: (d) unaccounted losses 
obtained by differenci: and which include radiation and convection losses, etc. 

The energy balance usually presented is not an accu ra le acco un i of t he energy 
distribution, but it is a useful one. The bp is conveniently and accurately 
mcosurcii and tbc percentage of the input energy to the bp is the most important 
Item m the balance. The heat transferred to the cooling wolcr may be used os 
un indKuiion of how much beat could be usefully obtained if this water were 
used for other hrulmg purposes in a combined plant. 

The energy to exhaust is best obtained by means of (he exhaust calorimeter 
as described. Ideally the exhaust gas should be cooled to the tempera lure of 
the inlet air. and the heat taken by the eoohog water in the calorimeter per 
minute would give item f cl of the balance. The lemperaiureiil which the cxhnual 
gas enters the calonmeicr is most likely not that at which it passes through the 
exhaust valve, and some of the energy to the exhaust will have been token by 
the cooling water or lost 10 the atmosphere. To obtain item (c) by calculation 
is more speculaiiv’e since the gas is chemically differeni from the inlet air and 
the mass flow has increased due to the addition of the fuel. The error involved 
in choosing the datum is likely to be less than that produced by using an 
inaccurate value for the exhaust temperature, which U not my to obtain with 
uccuracy. It is sufficient I 0 write 

Energy to exhaust»(m. + m, - ih.h. 
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where >h, ai>d >fif are (be air and fuel mass flow rates. A, is (he speafle ealhalpy 
of (he exhausl gas (dry eshausr * steam h reckooed from 0 'C, and h, is the 
specific eothalpy of the air at inlet reckooed from 0 ’C. A suitable value for c, 
for (he dry exhaust gas must be cakulaicd or assumed 

For a diesel engine at full load typical values would be: (o bp 35^: lo cooling 
water 20^; lo exhausl 35%; lo radiation, etc 10%. The heat lo the jacket 
cooling wateraadexhausi can be utilized in industries which have heating loads 
such as space and healing and hoi>waler systems, and which require either 
steam or hot water for process work. The heal lo the jacket water is recoverable 
and about IS% of the total energy supplied can be recovered from the exhaust 
gas 

The most elementary power lest it that which gives the power-speed and 
the torque speed charactensiica. as shown in Fig 13.13. The lest is carried out 
at constant throttle setting in the petrol engine, and at constant fuel pump 
selling in the O engine. 


15.13 Engine 
characlerutKS of power, 
inicp, bmep, and 
mechanical efficiency 
against engine speed 



In Fig 13.13 are shown the engine power characierislics for both ip and bp. 
As the speed increases from the lower values (be two curves are similar, the 
difference helwcen the ip and Ihe bp at any speed being the fp. w hich increases 
with speed. Both curves show maximum values, but they occur at different 
speeds The ip falls after the maximum because of a reduction in volumetric 
eflictency with increased speed. This is influenced by gas temperatures, valve 
liming valve mechanism dynamics, and Ihe pressure pulsation patterns in Ihe 
induction and exhausl manifolds This fall in volumeirie eflicicncy affects also 
(he ^ curve, but this is further decreased by an increase in the fp. This latter 
effect is picdominani since the bp reaches ns maximum ui a lower speed than 
the Ip. 

The varialioii of volumetric efficiency with speed is indicaicd in Fig 1.3.14, 
and that of mechanical efficteiicy with speed in Fig 13.13. The various methods 
used for the determination of mechanical efftcieocy are discussed in section 13.4. 
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the engine could be running unsteadily and there may be combustion of the 
mixture in the exhaust system. At E, with the weakest mixture, running wiU be 
unsteady and the combustion may be so slow that the gases continue burning 
in the dearanee volume until the next induction stroke begins; this causes 
popping bock through the carburettor. Point C is the point of chemically correct 
or stoiebiometrK air-fuel ratio, and Is about 14.5/1. The mixture strengths 
range between those at B and D. whidi are for maximum power and maximum 
economy respectively. The indicaior diagrams corresponding to mixiurcs B. C. 
and D ace shown in Fig. 13.16. 


Mg. 13.16 Pressure- 
volume and timing 
diagrami for rich. weak, 
and sioichlonietric 
miiiurei for a 
SI engine 



For muUicylinder engines the ooosumption loops are less distinct, bul are 
^nerally similar In shape to that for the smgle<yljnder engine. This is also true 
for tests made at part throttle openisp. A series of readings obtained at differeot 
throttle positions at constant speed is shown in Fig. 13.17. 


Fig. 13.17 SI engine 
consumption loops at 
difTereni ihroiile seitingi 



in the above tests the ignition has been assumed lo be constant, but other 
tests can be iivduded to show the eflect of ignition timing on the consumption 
loop. Alternatively the ignition setting can be adjusted at each mixture strength 
to give maximum power at the speed of the test; by this means the rate of 
pressure rise on combustion can be kept approximately constant. 
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Bmep tnd sfe nuy be ;doti<d against atr^fuel ratio as shown in Fig. 13.18, 
To the same base of air> fuel ratio the vanadoQ oTcarbon dioaide. oiygen, and 
carbon monoxide contents of the dry exhaust can be plotted as shown in 
Fig, 13.19. 


Fig 13.18 Specific fuel 
coMumpciof) and 
bmep against air-fuel 
TBiio fur a Sf engine 


StoKhMMoetric 
av fwt r»iK> 



Fig 13.19 Exhaust gas 
analysis against air-fuel 
ratio for a SI engine 



Energy balances can be drawn up for the pnndpal points taken from the 
consumption loop. 

Testing ihe SI engine at part load shows the deficiency of ihe meihod of 
governing by throttling the charge since the efficiency falls with decreasing load. 
The inducilon pressure is reduced and the pumping losses increase, The dilution 
of the frtsh charge by eshausi gas increases at lower loads, the clearance volume 
containing practically the same amount of exhaust gas since the back pressure 
in the exhaust process remains cnnsiant. For this type of mixture a greater 
amount of fuel is required for combustion to be possible. 


Cl engines 

In the main Cl engines are not controlled by throttling but by adjusting the 
amount of fuel supplied to the eogice, and hence are quality gottrntd. Whert 
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beiier-qualiiy fuels an] of improtul designs of combustion chamber. The main 
features of the combustion chamber are the distances to be Iravelied by the 
flame after initiation of combusiioa and the gas flow pattern csiabUshed. 


Ftl- I3.U Thermal 
eflicitney against 
compression ratio for an 
ideal cycle for a SIcngine 



It is esideol that if a petrol-air mUture is compressed sutflciently it will 
igrtite spontaneously. This suggests one limit to compression ratio ifcontroiled 
combustion is to be obtained from sparit ignition. However, before ihis iimit 
is reached for the whole charge, spontaneous ignition can occur in the unbumi 
charge after combustion has commenced normally. The unburni gas, compressed 
by the advancing flame front is raised in temperature and may reach the point 
of s*tf‘ignUion. This produces an UDConlrolled combustion and its occurrence 
may be beard as a knocking sound. A critical condition can be reached which 
is vailed detemurion. or 'heavy knock'. The advancing flame front is suddenly 
accelerated by (be occurrence trf a high-pressure wave and the flame front and 
shock wave traverse the cybnder together. The ^el&nalion untc suffers successive 
reflections, and a high-frequency noise is created. This is an extreme condition 
which has been produced in lest rigs, but such intense conditions are less likely 
to be produced in a normal engine. These combustion phenomena are usually 
referr^ to coUeciively as 'knock'. One of (he results of knock is that local hot 
spots can be created which remain at a suflidently high temperature to ignite 
the next charge before the spark occurs. This is called pn^ignltlon, and can help 
to promote further knocking. The result is a noisy, overheated, and inefficient 
engine, and perhaps eveoiual mechanicar failure. The chemical behaviour during 
(his type of combustion is still not fully undeniood. although a considerable 
amount of empiricat data are avaibUe. The pressure, crank angle diagram for 
normal combustion is shown in Fig 13.24 wiih maximum pressure occurring 
Bl I0-I2‘ after TDC and a rate ofpressureriK of 1.38 bar per degree of crank 
angle, wlih a compression ratio of 8/1, The spark occurs at the point S on the 
nonnal crHnpresiion curve, but there is a dtlay period between the occurrence 
of the spark and a noticeable departure of (he pressure curve from that of 
normal compression. This is a time delay which is independent of engine speed 
so that as the engine speed is increased the point S must occur earlier m the 
cycle to obtain the best position of the peak pressure. This ignition aivanee can 
be accomplished manuidly, but can also be controlled auiomaiically by a 
mechanism in the dtslribulor which is sensilive to engine speed; an additional 
control is obtained at small throitfe openings by a pressure connection from 
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the cylinder. At about 9.5/1 eompreuion ratio the Iow>frequency enpne 
vibrations produced are called rumb/e or poutidina. At compression ratios of 
12/1 tbe pressure rise is about bar per degree crank angle with a peak 
pressure of 85 bar. Tbe engine noises produced are known as ihud or pressure 
rap; surface ignition is not present and fuel characteristics have liitle influence. 
This field of development is one which brings many new problems which arc 
more likely to be solved by the chemist than the engineer. 


Cl enginns 

The effect of compression ratio in the Cl engine is tomewhai lirepkr than is 
the SI engine. For combustion to occur at the temperature produced by the 
compression of (he air a compression ratio of 12/1 is required. The efficiency 
of the cycle increases with higher values of compression ratio and the limit is 
a mechanical one imposed by (be high prvssures desTloped in the cylinder, a 
factor which ads’ersely affects the power-weight ratio. The normal range of 
compmsion ratios is 13/1 to 17/1. but may be anything up to 25/1. 

The combustible mixture to the SI engine is formed before compression, but 
with the Cl engine this oiixture has to be formed after compression and after 
injection begins. This leads to delay peiiods In the Cl engine which are greater 
than those in the SI cogioe (see Fig. 13.251. The fuel droplets injected have to 
evaporate and mix with oxygen to give a combustible mixture. The delay period 
forms the first phase of the combustion process, and is dependent on the nature 
of the [uet The second phase consists of the spread of flame from the initial 
nucleus to the main body of the charge. There is a rapid increase in pressure 
during this phase and the rate of pressure rise depends to some extent on the 
avaiLahility of oxygen to the fuel spray, which in turn depends on the turhulence 
in the cylinder. The main ^ctor. however, is that of the delay period. A long 
delay period means more combustible mixture has had time to fomu and so 
more charge will be involved in the initial combustion. As (he speed increases 
the rate of pressure rise in (his phase also increases. This U because the delay 
period is a function of time if surrounding conditions remain constant, and at 
the higher engine speeds more mixture wtll be formed in the delay period. The 
Initial rapid combusiion can give rise to rough running and a charactertiiic 


FiglJ.ZS Prcisure 
agHUisi crank angle for 
a Cl engine 
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;)diahanc bui arc o( ihe form pr* « consiar)i; ihe a»sun)p()on of internal 
Kversibilic) is nevcrthdess a good ap'proximaribfL A comparison of the real 
cycle and the ideel cycle is shown io Fig. 13.26 for a petrol engine: the pumping 
loop of the practical cyde has been omit led. 


Fig 13J6 Comparison 
of real and ideal cycles 
for I sr engine 



A most important criterion is the temperature (and hence pressure) which 
can be attained by the'constant volume* combustion phase. Figure 13.27 shows 
the temperatures reached on the combustion of mixtures of fuel and air of 
different strengths between 50% weak and 50% rich, for a compression ratio 
of 5 to 1. The maximum temperature should theoretically be produced by a 
stoichiometric mixture strength, but in fact it occurs at about 20% rich. The 
shape of the temperature curve is due to the dissociation of COj and HjO into 
CO, H}. and Oj which is slight at a temperature of 2000‘C, but increases 
rapidly above that. In engine combustion the dissociation of CO^ affects engine 
behaviour more than that of KjO which is relaiivdy slight. Combustion theory. 
09 described in Chapter 7. allows the dissociated proportions of CO. Kj. and 
O] to be calculated and represented in ibe combustion equations. Hence the 
energy teleased on combusiioo can be calculated. If the formation of nitric 
oxide which occun at the higher temperatures it taken into account the 
temperatures attained arc even lower, due to the absorption of energy to form 
NO as ihown in Fig. 13.27. At tbe higher compression ratios of modern engines 
higher lemperatums and pressures are attained and dissnciaiion occurs, not 
only to a greater extent for NO. but also to some common radicals mainly OH, 
H, ind 0. e.g. at 3000 *C a iiokhiometric mixture of o^itane and air at 
cquiUbnurn udU contain OH H (0.3%kO (0.3%h and NO (0.3%). 

Mixture sirvogth. particularly for aspark*ignited engine, can vary coiuidcrebly 
due to the way in which the mixture ii created and dittnb Jied. It is not a 
controlled process as it is in the diesel engine. One of the re suits of this is a 
considerable variation in tbe cycle to cycle and cylinder to cylin der performance 
of petrol engines. 

An important parameter which is open to selection is that of ^he spark liming 
as described in secilons 13.6 and 13.7. Figure 13.2B shows the form of the 
variation of the maximum pressure reached in tbe cylinder with the advance 
of the ignition before the TDC position. 
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for compulation incieases rapidly. To Ihis end ch:in« have been prepared from 
established informaiioD to describe the behaviour of dilTcrcni fuels at different 
mi.xture ratios including the elfcets of dissociation and differenl proportions of 
recycling exhaust gas etc. |sce lef. t3.S|. In serious work this information 
will be included as data stored in a computer read) for use in the analysis or 
compulation of different engine cycles and tunning cunditions. 


13.9 Properties of fuels for IC engines 

Some of the requirements of Ihe fueb used in IC engines have been indicated 
by the earlier sections of this chapicr.ond these will be added to in this section. 

Fueb suitable (or petrol engines are obtained from several sources The 
majorily ace obtained from pettoleuni: iliesc consist of straight petrol distilled 
from crude pelroleum. natural gasoline I whkh is a light spirit), and cracked or 
re-formed spirits from certain pelroleuni fractions. Petrol can be obtained from 
the distillation of oil shale, but the product is more expensive than that from 
petroleum. 

Alcohol in the main is ethyl alcohol obtained from Ihe fermentation of 
residues from vegetable matter such as sugar-cane and sugar-beet. The amount 
of alcohol mixed with petrol u not usually greater than 30%, since a higher 
content would lead to carburaiion difltcufiies. 

Fuels can be classihed as those which belong to a chemical series and those 
which arc manufactured. The mam chemical groups are the paraiHos, 
naphthenes, and aromatics, each group consisting of carbon and hydrogen 
atoms to a characteristic general formula. Members from two groups can have 
similar carbon to hydrogen proportions, but dilTercnt chemical cliaracierislics 
because of the different atom grouping in Ihc molecule. This b Illustrated in 
Table 13.J. 


Furi ^oup 
and general 
formula 

Fuel 

Proponioni 
by mua 

C II 

Rdalive 

deoMly 

AiTr fuel 
ratio 

NCk 

IkJ/kg) 

Paraffins 

MeuAc C4H|« 

Mil 

Q.I6; 

047 

13J 

45124 

C.H,.., 

Heptane CrH,g 

aMQ 

aiM 

069 

15.2 

44660 

Naphlhenei 

C)elohe>ane 

D.W 

au3 

<199 

14.7 

430)0 


C*Hg, 

C)clo*lK|Hatw 

a»ST 

ai4} 

0.78 

14,7 

43960 


C.Hm 

•C)cl(Hxtane 

Oi57 

0.14} 

074 

14.7 

43960 

Aromalt(\ 

BetUTiw C«Ha 

ft«2} 


0 9tt 

|}.2 

40 TOO 


Toluene C«H) 

r>.9it 

(toil 

0b7 

13A 

41054 

X)leoeC,ll,. 

a905 

O.MJ 

0.95 

134 

41868 
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13.10 Fuel systems 

The purpose ol as enpoe fuel system is lo provkk the cylinder with a mixture 
of air and fuel io the correct proportions for the engine requirements at any 
particular instant. There are basically two method^ available, one is called 
rarf»ardrton and is used for peirt^ engines and the other is a type of fuel injection 
which IS a characienstic method for diesel engines. There arc many different 
designs of each and only the basic principles will be dealt with m this book. 

The petrol engine for automotive purposes has been develope<) on the basis 
of the carburettor although petrol in)ectioo b becoming more common, the 
latter having been used for a long lime for aircraft and special engines, such as 
military vehicles and racing can. The carburettor is u simple, cheap device 
which has served its purpose for many years, but the trend to higher powered, 
multicyIinder engines has shown the single carburettor vyslefn to be inadequate. 
As a consequence multkhohe carburettors and twin or triple carburettor layouts 
have been used to meet increasingly sophisticated engine requirements, but 
several designs of petrol injection systems have also been introduced. 

The fundamentally different methods of charge ignition by spark and by 
compression io the petred and diesel engines respectively have dictated dilTerent 
means of fuel su(^y for the two engines. However, (he features of the oil 
injecuon system from the point of view* of crmirol, accurate fuel metenng. and 
good fuel consumption characteristics in comparison with the carburaied petrol 
engine with its poor fuel consumption, particularly at pari load, have created 
the belief that ultimately petrol injection would be the preferred method if a 
suflicKHtly simple system eould be produced at a con which would make it 
competitive with the carburettor. In recent y'ears ihe added requirement for 
eng ines lo meet ex hausi gas emission reguLa linns (see seciion I X I ^ i has i nereased 
the demand for accurate fuel metenog and engine cooirol. These factors have 
locreased the interest In petrol injection although the earlier regulations were 
more satisfactorily met by carburaied engines than by ihosc with the hr$i petrol 
injection systems lo general ihefundamenial problem Is to measure, or compute 
accurately, ihe mass flow rate of air into the engine at any insiuni and to mix 
(he eorreci nmouat of petrol into it in such a way ihoi the air and fuel mixture 
produced is right for the engine running condition. If the airflow were steady 
in an engine and at constant temperature and pressure the problem would be 
relatively stratglilforward. but airflow rates, pressures and icmpcruiurcs change; 
also the engine is in dynamic operation with phases of acceleration, deceleration, 
and overrun < when the throttle is closed and the vehicle wheels arc turning the 
engine) Thus a fuel supply system, to be iuecessful. must be able to cope with 
a wide range of running conditions and demands. 


Carburatton 

The term 'carburation' covers the whole process oS supplying continuously to 
a petrol engine a mixture of vaporued fuel and air which is suitable to each 
engine condition oTload. speed, and temperature. In section U.5 it is seen that 
the air fuel ratio varies between maximum economy and maximum power 
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carbumior are salBTactory the fuel for acccleralion is best provided. In the 
inleiesis of economy, by a separate accelerailog device The means of doing 
this vary and the types may be classified as using an acctleraima puinp. or an 
aKtlrraiiitg Hell. 


Fu«l inj*eti«n: dlMOl engines 

The funeiion of a fuel injection system is to meter the fuel accurately and 
uniformly to the engine cylinders under all operating sondiiions from idling to 
full toad. The liming of the inyectioo should be accurate enough to give the 
required combustion characlerittica. The fuel from the lank is filtered before 
passing to the pump, and the metered fuel is then passed to the injection which 
is filled in the engine cylinder. The 'jerk pump' system is the one which is used 
almost universally over the whole range of oil engines, and will be Ihe one 
described here. TIm jerk pump is a piece of precision equipmeni, and consists 
of a barrel with plunger; Ihe dose fit required to prevent leakage al the high 
pressures reached is obtained by larqiing. IIm plunger is driven from the camshaft 
and the control of the amount of fuel to be delivered can be made by the 
following: 

(i) using a plunger with a variable stroke; or 

tii) measuring ibe quantity at ibe beginnmg of (be plunger stroke aod splUing 

back Ihe excess; or 

fill) usinga constant stroke plunger and briogiag delivery to an end by suddenly 

spilling off the fuel from the cylinder. 

The spill of tbe fuel may be controlled by a cam^controlled spill-valve (sec 
ref. 13.6). or a port control. Pumps with pon coniiol are produced by a 
number of manufacturers and their action will be described. 

A simplified injeciioii system is shown in Fig 13.32. The spring-loaded injector 
needle is set tolifial a predetermined pressure in Ibe delivery line which contains 
oil at a high residual pressure. There are complex pressure and velocity variations 
set up 10 (he system, the changes in (he pressure being propagated in the oil 
at tbe speed of sound in the oil The effect of such varialioni will not be 
considerol here (see ref. 13.6 for a full ireauncni of the subjecl). The 
plunger is provided with a helical groove, ihe upper edge of which conirols the 
uncovering of tbe spill port The liming of the spill is thus deaded by the shape 
of the helix, aod ibis is most important. Tbe pan of the helix presented to (be 
port is varied by rotating the plunter in the barrel, and a means muil be 
provided for Ibis lo be done automatically ot manually while Ihe engine is 
running An extreme position of rotation of (he hunger in the barrel gives Ihe 
position at which the pump will ool deliver fuel to the engine, and this is the 
'slop' position. 

Figure 13.33 indicsies Ihe way in whkh the pressure in the fuel line changes 
during tbe injection cycle. Al point 1 the pressure begins lo rise above Ibe 
residual pressure due lo delivery from (he pump. Al 2 the injector needle begins 
to bfl and (be pressure variation from 2 to 3 depends on the delivery from tbe 
pump and Ihe injector characteristics. At 3 the spill port is opened and the 
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fig. P(ftsur« 
vdriattnn in che fuel line 
dunng injectjcn 



pfes&ure falls «iih a charactetisiic depending on ihe spill port aeiion and that 
of the closing of the injector needle. The preuure variation after this is due to 
the reflection of pressure «av«s in the Line >vhieh are damped out unless the 
next cycle commences before the damping is complete. The pressure in the line 
after spill may reach such a value that the needle opens for a second lime in 
the c>i^. This is undesi ra ble a nd is known as s^cvfu/ary in/erUon (sec Fig. 13.34). 


Fig 13^ Needle lih 
against lime showing 
undesirable secondar> 
irjeciicn 



Fuel injection: petrol engines 

At first sight it may o^>ear that the application of diesel engine ex perienee wilh 
injection systems to the petrol engine would produce a satisfactory mechanical 
petrol injection system. However, the different requi remen is of the two types 
of engine and the increased knowledge and use of electrical and electronically 
operated valves and iransducars have mode it evident that a petrol injection 
system would be wholly or mainly an electronk system. The development of 
eketronk devices continues with increased component reliabiJity. greater design 
sophisikation. more miniaiunaaiion. and reduced cost giving Ikxiblc systems 
which are simple to locate, robust in i^raijon. and easy to replace. 

There are certain basic parameters to be decided upon for each system such 
as those given under the headings below. 

Manifold or in-cylinder injection 

Direct injection into the cylicKfer b attractive from the point of view of efTicient 
fuel distribution, but the injector used would be subject to high pressure and 
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leoipcfaiurc conditions which it would not eiperience in the manifold. Injection 
iaio cbc maoiTold alloM more lime for tbe Tuel and air to mix. giving belter 
combuxiion, lues simpler iojedors and requim easier access to the engine, 
partictilatly if it were not originally designed for injection. 

Continuoua or pulsod injection 

The injector can be used to spray fuel coniimiously into the manifold and (his 
requires a fuel flow rale varying by SO lo I between idle and maximum speed 
running: accurate mixture preparation requites good control on airflow 
measunog and fuel mcieiing. With pulsed injection the fuel is injected neat each 
cylinder inlet valve in each cyde by an iajector whkb is solenoid operated for 
a measured period of lime. The range of pube durations required is about S 
lo I and 'lime* is a simple quantity, conveniently and accurately measured 
ekclronkally: the demand of several engine parametets cau be compuled and 
expressed as a sia^ controlliug value. The very small pulse durations required 
at idling speed, of the order of I ms. set the criterion of quality of desigo for 
the injector. 

It would sppear that the abiliiy to time (be injection pulse anywhere in the 
induction stroke wouM be a powerful bcility. but expenence shows that the 
eflect of such liming on power output and hydrocarbon emissions is not great. 
This allows some rdaxaiion on the injector design as it enables injectors to be 
grouped to receive the same pulse, over a longer duration, and so injection 
occurs iolo different cyHudess at differeut points in tbe cycle or by 'non-time 
injection' procedure. 

The layout ofa typical injection system is illu-straied in Fig I3J5 and includes 
provision (or the various engine parameters which it is believed it is necessary 
to lake into accounl Allemalive, and possibly simpler, designs could employ 
fewer parameters and so dhnioatc the need for some of the transdticeTS, etc. 
described in this iUustradon. For ioslance. in this case the steady airflow 
lequiremeni is compuled from measuremeats of maalfold pmssure. inlet air 
temperature, and engine speed; a single reading of air mass flow rate would 
slm^lfy considerably the reqiniemenis of the system. The system shown lakes 
into accounl in addition the parameiecs of cooling water temperature, starter 
motor actioii, a measureracni of change of manifold prcuure by electronic 
differenlialion of the pressure signal, and a Ihroiile-actuaied switch which cuts 
off the fud sup^y when tbe ihroille is closed. Information from each of the 
transducers or switches involved is 'computed' clecironically to give a single 
pulse width, or e main and a second pulse, and is communicated to the pulse 
generators. 

Fud is supplied loihe injectors at a pressure of 1.72 bar above the manifold 
pressure and fud not iiyecisd is return^ through a pressure control valve lo 
the supply lank. This drculatioo of fuel coots the injectors and purges them of 
air and vapour. The quantity of fud injected depends on the pulse duration as 
decided by Ihe eieciconk control unit, the orifice area and the pressure difference 
across il and Ibe last two of these are conslani, giving only the pulse duralion 
as a variable. It would appear lo be cssemial that the nozzles be matched very 
closely with respect lo area and coefikienl of discharge as small variations in 
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13J5 TyptcaJ 
dinci fitfl injeoion 
(yn<m for • SI eo^ijw. 

(OfMl {iltor;(2)ruel 
punp {electhc&lly 
driven); (3) injeeton; 

(4) fuel pressure eontrol 
vtive; (5) pressure 
iraxiidueer; 

(6) computer; (7) pube 
se&etitor; (Sj ir^iger 
uflii (eniine driven). 

Tnuuducers: 

(9) ninirdd eir 
lemperature; 

(10) neoifold tir 
tempenture; 

(11) coolini wAicr 
icnpereture; 

(12) ihroitle swiicb; 

(U) surter moior 
switch; (14) idling sir 
control valve (throttle 
bypass) 

(be fuel supply could aJTeci (be esbausi emissions of (be engine quite considerably. 
A reduction in air-fud ratio piomoies the carbon monoxide content and an 
increase usually adversely affects (he hydrocarbon content depending on (be 
aii-fuel ratio required, with a value of 16-16 J lo 1 being good average optimum 
values for both types of emisaon. 

lofortnation froin (he manifold temperature and pressure transducers and 
(be engine speed b computed to give the basic pulse duration. If the engine b 
starting from cold a signal from the starter motor products fuel enrichment, 
and a temperature signal from (he cooling water controls the additional fuel 
during warn*up Additiomil foci for acceleraikio is provided by a control signal 
arising from the rate of change of pressure in the manifold as computed in (he 
control unit. When the vehicle b in the ovemin condition the throttle closes 
and switches off ibe fuel, thus eliminating the high output of hydrocarbons in 
(be exhaust gas obtained with acarburated enginedunng ihis phase of opera lion. 
A throttle bypass valve allows an increase in the air supply during Idling when 
(he ihroiile b in the dosed position and the opening of this is conirnilcd by 
cooling water temperaiure. 



Charge atratifieaiion 

One of the developments that can utilize petroJ injection is known as charge 
strotijictuiofi The objective of ihis b to initiate combustion in a region where 
(he mixture b rich and to produce a flame that can (hen travel easily through 
the rest of (he charge which ii, on (he whole, weak. One such system employs 
(wo injectors, one supplying (he main combustion chamber and the other a 
small duecily connected auxiliary diamber in which (be spark plug is fltied. In 
(he main chamber (he air-fuel ra(io b Z18 to I, in the auxiliary It is 0.66 to 1 
and overall it b 1.64 to t idative lo the storchiometric ratio. 
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If the conicnis of chis sccuon arc considered in relation to thai of 
section 13.13 on engine emissions a reasonable picture of the petrol engine and 
ns stage of des'clopment should be obtained. 


13.11 Measurement of air and fuel flow rates 


The praciKal deirmiioaiion of the air-fuel ratio consists of measuring the rale 
at which air and fuel arc consumed b}' the engine. 

Several means are available for the measurement of fuel consumption and 
one simple arrangement b shown in Fig. I3.M The measuring vessel consists 
of two reservoirs of known capacity in senes, the capacities being measured 
between marks on the eonneciing capillary tubes. The fuel level thus falls quickly 
past the marks on the small bore capillary lube. Fuel from the lank or measuring 
vessel passes through a ihrec-wny valve to the engine. The three positions of 
the valve arc shown in Fig. 13.36. Provision must be made to allow the fuel to 
fill the measuring vessel up to the kvel io the lank. The time is taken for the 
consumption of a known vtriume of fuel, and thus the rate of fuel cunsumplion 
can be determined. This arrangement has a number of possible variations which 
arc suitable for partKular purposes. 


Fig. 13J6 Simple lest 
nw^huiemcni vS fjel 
con<umpii»n 



There are types of iiistrumenu available culled flow mcien. which give the 
rate of flow dirceily aod ibe calibration can be made m litres per hour or 
kilogramv per hour as required. The Amal flow meter is u^cd widely In industry 
and is illuttraied diagrammaikall) in Fig. 13.37. A flodls:ontrolled constant* 
level lank A is connected lo a vcntcaJ glass tube B, The conneebng tube carries 
an orifice at C. and a tap D ts fined between the instrument and the engine. 
When no fuel b being delivered lo the engine ihe fuel is at the same level in A 
and B. As fuel is supplied to Ihe cngirK the level in B falls until the fuel taken 
by (he engine is equal to (hat passing through the orificci and Ihe level in B 
reaches an equilibrium position. The gauge reading is proportional lo the fuel 
convumpiion and the calibration Is an empirical one Tiach invtrutneni has two 
lubes such as B. each with its ow n range of Row. 

Such instruments as those described which dqicod on volumetric measuremeot 
are satisfactory for carburettor engines, but may aoi be satisfactory for Cl 
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iTt described in nf 13.7. U is « conclusion of ibis reference thet the 
dimensions of a suiubk air*box o>c(er can be dciemined by i he use of a 
oor)>diineiu)Onal (actor U, defined by 

t,._!_ 

TiV / 

where 1 , b (he volumeiric edkieocy, V ihe engine swept volume (m’l, C the 
eirbox volume (m’l, N the engine speed (rev/min), n the number of cylinders, 
T Ihe lir iefflpcrsiurelK),dihe orifice diameter (ml, and p the strokes of the 
piston per induction stroke 

For reasonable accuracy. U should not be less than 2.5, and the depression 
across the orifice should not exceed 100-150 mm of water. 

Another design ctf air meter b available for the measurement of airflow, this 
b Ihe Alcock viscous-flow air meter and it b not subject to the errors of the 
simpler types of flow meters. With the air-box the flow is proportional to the 
square root of the pressure dilTerencc across (be orifice. With (he Alcock meter 
t)K air flows through a form of honeycomb so that the flow b viscous. The 
resistance of the element b directly proportional to the air velocity and b 
measured by means of an indioed manometer. Felt pads are fitted In the 
manometer connections to damp out fluctuations. The meter b shown 
diagrammatically in Fig IX}9. The accuracy is improved by fitting a damping 
vessel between (be meter and the engine to reduce the effect of pulsations 


Fig I3ja Alcock 
viscous flow air meter 



An entirely diflcrcni prindple on which (he velocity of an airflow can be 
measured b (hat of vortex shedding As air flows over a blulT body, vortices or 
local regions of low pressure are created in the flow behind the body as shown 
in Fig 15.40. A sensor of some kind, e.g a pressure transducer, optical or 
ultrasonic sensor, built into the Muff body, registers the asymmetric conditioos 
in the flow during vortex shedding and the frequency of the disturbance is 
measured. An alternative method is to record the frequency by a hot-wire 
ancmomeicr placed in the airstream. The flow velocity C and (he frequency / 


Fig 15.40 Air flow 
mesiurencnt using 
vorirs shedding 




Bluff bv«l) 
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ukI the quite diSereat combustion chanctehstics of tbe two types of engine. 
The diesel induces air only aod the fud is injected under pressure into the 
cylinder with selfogniiion of the fuel In the air: the petrol engine induces a 
mixture of air and fuel which is ^rk ignited and burns as described in sections 
13.6 and 13.7 giving fundamental combustion probkms which do not occur 
with the diesel eogiQe. To avoid charge detonation or 'knocking' io the petrol 
engine^ giving uncontrolkd combusUon. ihe compression ratio may have to be 
reduced, an action which adversely aflnts the thermal efliciency of the engine. 
Alternatively a fud of higher octane rating may be necessary. With the diesel 
engine bigh^ boost pressures can give mote sattfactory combustion conditions 
with a wider range of usable fuels, reduced delay periods, controlled pressure 
rise and an engine which is smoother aod quieter in operation. 

The main features of supercharging are illustrated in (he diagrams for 
the ideatoed eonstant*volume fou/*stroke cycle in Fig. 13.42 end the plant line 
diagrams in Fig 13.43. Figure 13.42(a) shows the normally aspirated cycle with 
litte 1-5 representing both tbe induction and exhaust strokes at about the 
ambient air pressure p,. The enriy applications of supercharging were for 
pistoa*engioed aircraA in which the 'Mower' was driven inechanically from the 
engine as shown in Fig 13.43(ak Tbe power output of the engine was increased 
by tbe higher Aow of air, and hence (be fuel consumed, but part of this increase 
in power was required to drive the blower. The eflccis on the p- V diagram, as 
shown in Fig ]X42(b).aceioiiKreascthe pressures (and temperatures) reached 
during the cycle and to pve a positive pumping loop. 15671, to add to the main 
working loop 12341. 


Fig. 1342 Preisurt- 
v^iuiw diagraia for a 
feur'Siroke Cl engine 
with superchargiogta) 
and wilhout 
supercharging (b) 




Fig 1343 Diagrams of 

a four'itcokc. 

four*cylinder Q engine 
with raechanteal 
supercharging (a) and 
with turbocharging tb) 
{see p. 466| 
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Eiampld 13.3 


Solution 


The power required to drive a bJower mechafltcaUy coonecied to the eogine 
mutt be subtracted from the engirw output to obtain the net bp of the 
supercharged engioe. Then 

/area 12341 ^ area (3611 \ 

• i I n constant 

kogth of diagram / 

and bp «(ifM X ip) > ipower to drive blower) (13.17) 

(for mecharucally driven blowers ordy). 


imep 






The avtiage ip developed in a Cl engine ii 12.9 kW/m’ of free air mduced 
per minute. The engine is a 3-liire four-stroke engine running at 3500 rev/min. 
and has a volumetric eSicienejr of 80%. refer^ to free air conditions of 
1.013 bar and 15’C. It is proposed to lit a blower, driven mechaniciDy from 
the engine. The blower has an isenttopic eflkiency of 75% and works through 
a pressure ratio of 1.7. Assume that at the end of induction the cylinders 
ODOiain a volume of charge equal to the swept volume, at the pressure and 
temperature of the delivery from the blower. Catculale the increase in bp to 
be eapected from the engine. Take aJI mechanical efBciencies as 80%. 

Engiiie capadly = 3 litres = 0.003 
3500 

Swept volume s x 0.003 — 5.25 m^/min 

Utisupcrcharged induced volume = 0.8 x 525 = 42 m^/min 

Blower delivery pressure » 1.7 x 1,013 a ].72 bar 

Temperatureafteriseninqnccompressioa = 288 x 1,70 e-'vi < 

- 335.2 K 


351 K 


Therefore 

( 335.2 - 288\ 

-075-/ ' 

The blower delivers 525 m’/min at 1.72 bat and 351 K. 

525 X 1.72 X 288 


Equivalent volumeal 1.013 bar and 15 *C 


I.0I3 X 351 
■ 7.32m’/min 


therefore 


Increase in induced volume ■ 7.32 — 4,2 * 3.12 m^/cnin 
Increase in ip due to the incieased induction pressure 
(1.72- I.0l3)x 10’ X 525 


10 ’ X 60 


■ 62kW 


ie. Total increase in ip-40.2-I-6.2 > 46.4 kW 
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therdbrc 

Increase in en^ne bp s O.S x 46.4 a; 3?.l kW 
From (his must be deduced (he power required io drive (he bluwer. 

Muso(air delivered by blower b ■ 0.149ka/s 

60 X 289 V 351 

Work input to blower « dic^(351 - 288) « ai49 x }.005 x 63 
iherefore 

^ , 0.149 x1.005 x 63 

Power required -—^ » 11.8 kW 

^ as 

therefore 

Net increase io bp » 37.1 - i 1.8 • 25.3 kW 


Figure 13.42(a) shows (he start of (he exhaust process at 4 at a pressure 
siibs(an(iatly greater (ban (he ambient, p,. This means that over 60% of the 
cylinder diarge is suddenly exhausted by a free expansioo which constitutes a 
considerable loss of ibe energy rekased on combustion; of about 30-40% 
between diesel and petrol entries. The attraction of'turbocharging* is evident 
as the energy lost in this way is used to drive a turbine wheel integral with a 
compressor wheel which delivers compressed air or charge to the cylinder. The 
addiiioDal work available from the gas is indicated, alter continuing the 
reversible adiabatic expansion hne 3-4 down to the pressure p, at 6 . by area 
4614. The physical amogement is shown in Fig, f3.43(b) and there is no 
mechanical connection to the engine. The turbocharger combination is a 
free*running unit with approximately equal mass flow rates over (he turbine 
and compressor wheels reaching an equilibrium speed in (he range 
20000-80000 rev/mia 

The simplest form of the supercharged cycle shows constant pressures created 
in (he inlet manifold, p,. and in (he exhaust manifedd. p«. and it is essential (hat 
Pt > P 4 . see Fig 13.44(ak Thb pressure difference, p* - p,, can be uiilized to 
scavenge residual gas from the combustion chamber if (here is some overlap 
beiueeo the exhaust and inlet valve operation and particularly so for the diesel 
engine. This is called roiuronr prexsare supercharging and enquires a large enough 
exhaust manifold to create a constant pressure supply to (he turbine from a 
highly pulsating delivery from the engine cylinders. The T»s diagram for the 
turbocharger is shown io Fig 13.44(b) ao^ using the methods of Chapter 9, 
the energy balance for the unit is obiiined as follows'. 

The compressor power input 

The turbine power output. 
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Rf. 1944 Frewure- 
volume diagTam (a) and 
T~s diagram (b) for the 
engine and turbocharger 
for ’oon»iani*prenur«* 
lupercbargmg 



T* 



where and jj, are (he isen(ropic efficiencies of the compressor and turbine 
rcepectiv^y. 

For a balance o( mass flow rates 

in^ s m, 4* iRf. — « 1 + « 1 + 

rn, ni, 

where f.'A »fuel lo air ratio « 

Also li« = —W^ X where itu = mechanical efficiency of (he drive, 
therefore 

where rjo^ •in ^ ^ tc • ^ overaJi efficient' of (he turbocharger. 

This expression show's how the manifold pressure p^ depends mainly upon 
ffo and Te as (he effect of the FfA ratio is small. A set of characteristics cun 
be drawn of Pi/p, against for dlffierent values of 7^. A set is obtained for 
each value of p, and the mioimum requirement to sustain the limit Is p, ^ p, 
as shown in Fig. 0.45. 

For example for Pi/Pt *■ 2, and * 773 K (500*C) ijq «« 42%. The overall 
efficiency is higher for lower values of p« and hi^er values of pi and T>. The 
study of (urbochargiog should continue into the design of the turbocharger unit 
to meet its service requirements, but thU is outside the scope of this book and 
Specialist references such as 13.S should be consulted. 

The usual arrangement for a turbocharger is a single-stage centrifugal 
compressor driven by a single*siage axial*flow turbine for the medium and 
largC'Sue engines for indusinaL rati, and marine applications, and by a 
rodial'flow turbine for the smaller engines used in automotive applications, 
iranspon vehicles and carv It is somewhat against earlier expectations that 
most car manufacturers now include supercharged pctrol«engincd cars in (heir 
product range with appareot overlap with their normally aspirated engines of 
difTerent capacities. This is in spite of the fact that cars spend a great deal of 
their time at part throttle and that additional control is necessary to restrict 
the boost pressure and prevent the onset of knock by retarding the ignition. 
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The above descripcioo has been conbned to the con&iani* pressure charging 
of Tour'SCrolce cycle engioes. The blowing of the two-stroke engine is attractive 
as (he cycle does not indude a s^arate cahaust stroke, and a means of I mproving 
the scavenging process would improve the breathing and hence the power 
output. The (wostroke is particularly sensi(ive to exhaust back pressure which 
is increased by turbocharging and ils use would require additional care in port 
liming and the matching of cbaracterisiics. 

lo any cycle the gas leaves the engme cylinders at high speed through the 

opeotog valve and possesses high kioetk coerg)' which is dissipated in the large 
manifold of the constant-pressure sysiem. To utilize the kinetic energy more 
fully a pulsed system of chargiflg can be used provided the turbocharger u 
designed to cope with the condiuoos created. For muliicylindcr engines the 
cylinders are grouped, taking cylioders alternately from their firing order for 
entry into the turbine and this also groups them into the front and rear cylinders, 
as shown In Fig. 13,46. To improve the charging of the cylinders the compressed 
air can be cooled by passing it through a water* or air-cooled intercooler thereby 
increasing Its density. 



Pl|. Grouping of 
cylinders in a 
turbocharged 
muUicylinder Cl engine 



The turbine and compressor are complex devices and further study will 
show that the compleKittes of design, matdting of the units to each other and 
to the engine, etc. are such that the performance may not be satisfactory over 
the whole speed range. Compound engines have been proposed, and some have 
been built whkh are turbocharged and have a mechanicaJ connection between 
ihe engine crankshaft and the turbocharger as shown in Fig. 13.47(a). A fixed 
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Fif. IM7 Two 
compound 
txraogtmciiu of Cl 
cnpoc ftAd 9 MS turbine 



drive improves the ]ow>speed performence but restrains the turbine at high 
speedis A variable-speed drive it called for but this it an expeniive addition. 
An extreme amngctDent for a compound engine is shown in Fig. 13.47(b) in 
which the engine drives the compressor only and the exhaust gas drives an 
indepeodent turbine from which the power output of the comUnation is taken. 

Figure 13.48 tbowt (be continuous nmoing perfonnanee characteristics of a 
diesel engine in three modes; normally aspirated (a), turbocharged (b), and 
turbocharged with intercooling (cV The engines are of 6.61 capacity 


Fig. 1341 Continuous 
running performaace 
ch&rmcterMki oTa O 
eaglae io three modes: 
(s) AOfmaUy aspirated; 

(b) turbocharged: 

(c) turbocharged with 
iatereoolmi 



1000 12D0 1«00 1600 1100 20)0 2200 2400 
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(bore ■ stroke * 112 mm) with a compression rotjo of 16.3 for (a) and 15.6 for 
(b) and (c). The maximum cylmder ^essures were 90. 121, and J3Sbar 
respectively for (ak (b), aod (c). 


13.13 Engine emiseione and legal requirements 

Ad almospheric pbeaomcoon called 'unog' wu eipenenccd on an increasing 
teak in ib« State of CalUbreia. USA. around the city of Los Angeles until It 
became a severe sodal problem wiili political and subsequently commerelal 
and engineering contequences which have had a fundanicnlal effect upon the 
design and operation of the IC engine. 

Smog Is a type of light fog which is unpleasant and a cause of irritation to 
the eyes and nasal passages, aitd although not affecting visibility greatly does 
affect vegetation and has caused serious economic losses in horticulture and 
agriculture. Smog is created by the action of sunlight on hydrocarbons (HC| 
in the atmosphere and the main source of HC Is the exhaust gases of motor 
vehicles, the rapid increase in tolume of town traffic causing the increase in 
smog. It was against a background of iircreasing public nuisance and distress 
that, in 1960. the Slate of California legislated against the motor vehicle and 
stated the procedures against which vehicles would be tested and the levels of 
pollutants which would have to be met by vehicles to be si^d in that Slate. The 
procedures were extensive and covered the types of emissions to be conltolled. 
HC and CO. the sources of emissions (exhaust, crankcase, carburettor, and fuel 
tankk the lest procedures, the instrumental ion and the lest equipment lobe used. 

The initial aim of the Californian Motor Vehicle Pollution Control Board 
was to reduce the total exhaust emissions to pre.|940 levels by 1980. This was 
to be done by kgislaiion against new vehicles, as no requirement was made for 
existing vehicles lobe modified, and included the effects of a continuous increase 
in the number ofvchicksonlbcroad. AUhnugh mairiiy American manuracrurers 
of vehicles were affected so were the manufacturers of imported vehicles and 
these were penalucd by having to meet prescribed rates of emission output, 
and not total amounts, as their engines were generally of small capucily. 

The legislation was introduced before the process of smog creation was 
understood and it was believed ihai CO and unburned HC were the cause. 
Mixture strengths were weakened to reduce the CO and HC output, but the 
smog levels wen unaffected and it was later established that the uxiJes of 
nitrogen (NO, I and the unbumed HC combined phoiochemically in the strong 
sunlight to create the smog The Califomian legislation was rollowcd by (hat of 
the US Kedcral Covernmeni through the Fnvironmental Protection Agency 
(EPA) although smog was not the primary concern in other parts of the USA 
where the atmospheric conditions for its creation did not occur. The Californian 
and federal aulhonlks each have esniuion standards. 

The introduction of emission controls for motor vehicles has spread in the 
wake of the legislation introduced in the USA to other countries including 
Japan, the EC. Canada. Sweden, the UK. Australia, and Finland. In Europe 
the most significant effort has been to reduce the use of leaded fuels us a means 
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of raiang the knock rating of petrol The leducllon of the lead content in fueis 
ir a response lo the demand to reduce the quantity of airborne lead particles 
in the atmosphere. 90% of which areaiiribuled to petrol consumption. Inhaled 
lead is a stnaUer contributor lo the coosumed lead in the human body than 
food or water but it is not negkgible The lead content of fuel can be reduced 
if either a lower knock rating or an increase in the cost of fuel proceuing is 
accepted. Premium petrol has a research octane number of 98.S with a lead 
concentration of 0.4g/Ulre To reduce (his lo 0.15g/li(re would require an 
increase in crude oil consumption of O.S% by mass at the refinery • a much 
more eipensivc operation than the proportion suggests - but which can be 
avoided by accepting the octane rating of 9S.S as a consequence of the reduction 
in the lead content to 0.15g/lilre. This in turn could lead to a reduction In 
usable compression ratio, and heocc thermal efficiency of (he engine, and an 
increase in fuel consumption. In Japan and North America lead has been 
removed from petrol because it poisoned the catalyst of (he chemical converters 
lilted lo engines to reduce the eahaust emissions and no! for environmenlal 
reasons related lo the lead itself. 

The legislalion of each country requires progressive reductions tn be made 
in the HC, CO and NO, content of the exhaust gas from vehicles and this 
anticipates that the technology will be available to achieve the leveU defined 
by the time staled- The lequireroeni in the USA in 1970 was to obtain a 90% 
r^uctiOD in emissions from the 1970 levels within a slated time-scale. The aims 
of Ihe different countries are not directly comparable as (here arc dilTerences 
in the sampling and measuring techniques over test cycles which are selected 
to represent Ihe driving pallems of the country concerned. The diesel en^ne 
■slow on HC and CO emissions but is higher on NO, and particulateermssion, 
the latter being 10 times that of a comparable petrol engine; the technical 
objective is to reduce Ihe levels without losing on fuel economy. 

Over the years during which emission conirol has applied ihe fuel 
consumption of the smaller-engined vehicles has improved, but the larger engines 
have given belter emission figures at the expense of fuel economy as the engine 
has had to be 'detuned' by adjusting mixture strength and ignition liming lo 
meet the emission requirements The optimum sellings were restored when 
catalytic reactors were filled lo the engines to reduce the emission levels 
chemically by uniu fitted external to the engine combustion systems 

Some approaches to emission control such as increasing the air fuels ratio 
and recirculating part of the exhaust gas through the cylinders reduces the CO 
and HC output, controls the NO,, and does not increare the fuel consumption, 
but it comparatively cheap in the additional facilities it requires on (he engine. 
The modification lo basic engine parameters such as those alTecting mixture 
preparation and spark ignition involve small costs, but others which require 
thermal reactors or catalytic convened to be added as additional units can 
involve Inrge cost increases. Advanced aspects of engine design involving 
stratified charge, ivitb loieb ignition or open chamber systems, are expensive 
to produce but have consideraMe effects on emission levels, increasing Ihe 
possibilities if taken together irith exhaust gas recirculation and a catalytic 
converter. 

A vebicte without emission conirol contributes lo the pollution from several 
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souices wiib uobunied HC coouag (ram ihe fuel uok vent and the carburettor 
bowl vcol to the aimospherc; (rom piston blow*by iolo the crankcase and leaks 
rtom fuel lines as well as from the exhaust gas itself which puts. In addition, 
CO, CO], NO,, and particulates into the atmosphere. Crankcase emiuiotu are 
dealt with by veoiing all crankcase fumes directly into the engine intake tyttem 
to be burned in the cngioe cylinders. 

The exhaust gas emisaioos are aflected by many of the engine variables which 
also conirtri the coropteteneu of the combustion process an appreciation of 
which is essential to an understanding of emission control. The way in which 
engines are used in the vehicles has a comfriex effect on emissions, and so it 
was necessary to devise represeniailve lesi methods to reproduce on the road 
running as closely as possible on the test rig As mentioned earlier, diifereni 
couniries have different leal procedures and ihe following comments can only 
be regarded as being general lo the problem. 

A chassis dynamometer is used lo load a vehicle to reproduce the road 
condition with regard lo wind and inertia loads, the laiier being experienced 
during acceleraiion and decelerition. This is not easy to achieve as the lyre/roller 
conlact is quite diflereol from that between tyre and road, and the engine 
operating parameters may not be the same as those experienced on the road 
for apparently corresponding conditions. 

The drive cycle includes periods of accelemiion. deceleration, steady-state 
cruising, and idling and the exhaust gases are continuously analysed for CO, 
CO], NO. and HC fas a bexaoe equivalenll. The analyses are recorded and 
may he interpreted by a weighting procedure lo give an estimate of the total 
mass emitted over the test cycle. Acceleralioo periods have high weight factors 
and idle periods have low. More recent techniques desert bed as'constani-volume 
santfriing' include the coUection of quantities of gas in bags either during or 
over all of the lest cycle for subsequenl analysis to a mass basis. 

As the test procedures have developed and experience has been gained, Ihe 
lest techniques have become eslablisbed in relation to specihed inslrumentation 
isee section 7.61 

Emission control is a complex matter which was brought into exislence by 
legislation and has had to develop as a science since. Diifereni countries 
have emission-control programmes to meet their own requirements albeit related 
lo Ihe experience and procedures pioneered in the USA. The EC countries have 
their set of lesa which have been adopled by member countries to their own 
requirements lo suit their road systems, vehicle populalion, and aimospheric 
condilions- 

The number of ofBciol lesis for all of the couniries involved it high and the 
cover is comprehensive including ibemeisucemenuof HC, CO.COi, NO, and 
smoke (for diesel engines) with diUmnl clatsificalions of lesis for vehicles of 
ditferenl size. light- and heavy-duty passenger vehktes and trucks, petrol and 
diesel engines, the teals induding diifereni procedures and modes of testing 

Emissions vary with the engine parameters and tests can be carried out on 
research engines with Ihe faciblies of variable parameters lo investigate the 
characteristics of emusioiu. Some of these are illusireled in Figs 17.49-53 
Inclusive, for petrol engines, and serve to show the complexity of (he processes 
involved. U is probably true to say that (be legal emission requirements have 
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•dded a new dimension to (he development of (he IC engine and have probably 
led (0 more fuDdamental research into (he process of inlemal combusiion since 

the ODj«t of Icgialalion than waa dooa before, (tee ref. 13.9^ 

The pollution problem it closely linked lo (hat of fuel economy with the 
increase in cost trf fud and oil and (be need lo conserve natural resources. It 
has therefore become essential to raliortalize (he eaperiencc of generations of 
engiiw builders and integrate modem, analytical. compuUlionaL and expehmenul 
methods into the science of 1C enguieenDg.Seciioa 13.15 describes some of the 
modem devdopownts in IC engines which are a result of advanced 
understanding of the baste processes and modern techniques. Further progress 
can be made by studying research papers ou individual topics. 


13.14 Alternative forms of IC engines 

In re ce nt years there have been several attempts to produce power units which 
would be superior to tbe IC eogtoe in its couvealional fomti. Some attempts 
have been merely lo improve (he breathing of the redprocaung engine by 
alternative designs of the valve mechanism. The more ambitious projects have 
had (he object of basic improvetneots, and have included engines which have 
a fundamenUJly diflercnt geometry. 


TheWankfll engine 

One engine with this object is the Wankd rotary engine, the most successful 
of many proposed rotary eogtoe designs. For many yean inventors have worked 
to produce an engine whicb would fulfil all the promises of the rotary engine 
concept, with improved power-lo-weighl ratio, and compete successfully with 
the reciprocating engine. A simplified representation of the Wankel en^e is 
shown in Fig 13.54 nod the engine is briefiy described bdow. 

The rotor, which has a profile defined by three drcular arcs PQ. QS, and 
SP, is attached through a ro1ler*beaTing lo an eccentric which it an Integral 
part of the engine main shnfL The bearing land rotor) centre is al an eccentridly 
e to the mainshaA centre. The rotor radius R to the apex points P, Q and S is 
the generator radius for the eodostog 'cylinder' or housing. The profile of the 
cylinder it of epiirochoida] tbrni and it followed by the rotor by mearu erf the 
cpicycllc gear formed by the gear-wheel which is fixed to the casing and the 
internal gear of the rotor. The pilch drclc diameter of the fixed gear-wheel is 
two-ihirds that of the rotor gear-wbeel. With Ibis mechanism the rotor turns 
at one-lhini of (he speed of the mainshaA (or eccentric) As each of the three 
fiiGcs of the rotor is concerned in turn with one power cycle, for each revolution 
of the rotor the mainshaA teceives one working 'ttrake' per revolution. Thus 
the single-rotor Wankel corapaces svilh a single-cylinder two-stroke cycle engine. 

The rotor is shown in Fig 13.54 in two positions, one in doited outline and 
the other in full line: for (he former positioo (he eccentric OA' (e e) and the 
generator radius A'P' I » P> ate in hue lo show OP' equal lo half the length 
of tbe major axis (* A e) The rotor turns clockwise and to give tbe position 


495 



[ftduetion viib 
UmSP 


EdaifR «itb 
tecQS 




Fit. 1334 SinpliAtd 

rvprxsentation of • 

Wukel cngiiie P ibe m.inthaft (or eccentric) hu turned through 90’ from OA and the rotor 

through 30’ (i& 90/3^ By condnuing this construction for other mainshaft 
positions the epitrodioidal prohle can be generated and is repeated for apes S 
which is displaixd 120* whh regard to P and similarly for Q. For the full line 
position OS fonns half of the minor axis length (- A - e). In the diagram the 
pitch circle of the bearing coincides with that of the rotor gear for simplicity 
of drawing. 

The three pans of the cylinder arc sealed by peripheral seals at P, Q, and S 
and side seals which are held in the ftanhs of the rotor on both sides and these 
constitute a sealing system corTespondlag to that of the piston rings and valves 
in the reciprocating engioe. The peripheral seals take gas loads only and do 
not influence the movemenl of the rotor. 

In the full hoe podlioo shown PQ is at TDC and defina the minimum or 
elearnnee volume of the engine. This volume can be varied by forming a recess 
in the rotor. The maaimum cylinder volume will he shown when S takes up a 
position just OB compIetioB of its movement across the itUel pon. The difference 
between the tsvo volumes gives the swept volume of the engine per rotor face. 
At PQ moves towards the potilion occupied by QS the working stroke is 
performed and eahtust begins when the cylinder space is uncovered by the seal 
as it pasKi over (he exhaust port. Continued movemenl of the rotor opens the 
space to the inlel and (be iaduction of the fresh charge and so there is a 
considerable overlap between cabaust and tolet phases and this can be considered 
to be a basic limitation of (be design. When the apex teal pastes over the inlet 
port, compression of the charge begint up to the TDC position after which the 


496 




1^14 An4mtthr« formt of 1C Migintf 


cycle is repealed. To the li^t of Fig. 13.54 a 'sktieton' figure shows the esseniials 
of the 'geaeraiing' mechanism. 

The bask design is ailraclive and offers advantages in comparison with a 
reciprocating four-stroke engine wiUi regard to compactness for a given power 
output, fewer working parts, lower mass, lack of vibrations and elimination of 
the poppet valve. There have been many development problems which are not 
yet solved to the eitent that the aulomoiive market shows a signiffcant 
conversion lo the rotary engine. 

Some of the criiicissns are basic and include the belief that the combustion 
space is the wrong shape (long and narrow) for good combustion and the 
limiulions on potting are a disadvantage for good breathing particularly at 
low speeds. Thm are fundamental le the epiitochoidal geometry whkh also 
limits the attainable compresaioD ratio, thereby making a diesel version 
impossible without increased compliestioo such as two cylinders working in 
series. Another outcome of the geometiy is the re-entrant shape ot 'cusp' on 
the minor axis which (he peripheral seal finds diflkuli lo follow at high speed 
because of the reversal M acceleration experknetd The effectivenew of the 
sealing is held lo be in doubt in spite of the considerable development work 
which has taken place on these. It is also belkved that the rotor bearing is 
subject to adverse conditions, being close to the hot rotor surface without 
adequate cooling Solutions lo these problems have been applied such as dual, 
phased ignition and side porting as well as peripheral pons and the use of 
different seal designs and materials. The assessment and development of the 
Wankel eogitie has been undertaken by companies in many countries of the 
world and for many appUcationi other than for motor vehicle purposes, for 
much smaller engioes and much larger power, lower speed units. 

The SI petrol engine is predominant in the light power and high-speed 6eld, 
and for aulomobUe purposes, but is receiving some competition from the 
high-speed dksci engine. They have geometries which are basically identical 
and both are subject (o continuous developmenl; it is not likely that they will 
be replaced to any great extent in (heir particular held by any other unit for 
some lime. Other power units may appear for particular purposes and may be 
modifications to tbe conventional layouts, or tbey may be combined units 


Frao pitton angina 

Ttm/rtr plsion engine is a unit of interest and is referred W In section 13.3 in 
an introductory manner. Two vettions are referred to: the free piston air 
compressor and the free piston gasifier. The free piston air compressor cycle 
will be described and the gasifier action ean be deduced from it. The free piston 
engine is uiunlly constructed as an opposed-piston, two-stroke diesel cycle with 
a Gonveoilonal fuel injection lyilem, but it could be a gas engine or have spark 
igoilion. In Fig 13.55 tbeengine/compreiaot unit is shows on its power stroke. 
The two diesel pistons ire connected mechanically and externally by lightly 
loaded links through a centrally situated rocking lever. Allematively the 
connection may be by a twin rack and [riiuon arrangement. On the power 
stroke the air in tbe com'-msor cylinder is compressed and then delivered to 
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Fig. I3J5 Fn< piston 
OQgine operating on a 
iwo<sirake Cl cycle 



the receiver. Al tbe lame daw icavesge air eaten the compressor cylinder on 
the undenide of ibe pision, tad the air in the cu^on cylinder is compressed. 
Towardi (be eod of this si roke (he eshaust port is uncovered and exhaust begins. 
Slightly later in the stroke air coters from ihc scavenge air box lo complete the 
exhaust process tod (o charge tbe cylinder. The piston then returns on (be 
coRipresaoo stroke Id the dwsd cylinder due lo tbe pressure of (be air in tbe 
cushion cylinder osnsted by the air pressure in the compressor cylinder. The 
air from tbe undenide of (he compressor piston is forced into the scavenging 
olr box durtog this stroke and is ready for tbe next scavenge process. At the 
inner dead ceatce» ignition occurs and the cyde is then repeated. 

When used os a gasifier tbe two pisicms have identical cushion cylinder 
arrangements and no power is taken from the engine. The HP exhaust gas, 
which is at a moderate temperature (<4gO*Cl, is taken from (be en^ne to an 
expansion turbine from wbicb (he wbok of the mechanical power output is 
taken. This combined unit gives an overall thermal efhcieacy which is higher 
than that obtainable with a complete turbine unit hiied with a heat exchanger. 
Tbe output of the pdfier is given as a gas power (gp). wbicb is calculated on 
tbe assumption of iseniropic expoosioo d the gas leaving the cylinder, and 1$ 
the potential power. 

IIk fnt piston engine can utilize a wider range of fuel oils than the 
conventional diesel engine and has a higher compression ratio, which indicates 
a higher thermaJ efficiency. Tbe compressioQ pressures in the diesel cylinder are 
in the order of 69 bar, and tbe (hermal effideney is 40 >45%, which gives an 
overall thermal efficiency of about 35%. 

Qaa turblnwg for vohiclaa 

The ps tutbiftc has been a competitor to the piston engine for use in vehicles 
apart from its natural field of ap^icatioa in the higher power reap for aircraft, 
industrial lurbines. power sutions, and small ships. For vehicle use the gas 
turbine appeared os the power unit in a few prototype cars, bul it is for the 
heavier vehicles, trains, buses, and the larger trucks ihoi the gas turbine bas 
more to oRer. The small power anglC'Shaft turbines cannot give competitive 
fud consumptions to the petrol engine without a hi^ly effective heat exchanger 
and even (ben. although ibe full load figures are good, the part load fuel 
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cngiDM. Tbe simpk reciprocating pition-in-e>liader arrangement offers scope 
for developmcBi mainiy in the combusuon chamber, the Induction and exhaust 
system, the prcpaiailoa and mosemem of the combustible charge, and in the 
liming and quality of the ignitioiL The use of multiple valves, eg. two inlet and 
two exhaust or two inlet and one exhaust, improves the charging and exhausting 
of the cylinder if (he added com^sily and coat are acceptable; the former 
arrangement requires two overhead camshafts and the latter can be done with 
one. fn addition to the quantity of gas indueed. the movement of the charge is 
important with the gas swirling as the pbton descends on induction and through 
compression until the gas is ibictd by an Increasing amount of 'squish' into 
the combustion chamber as it is squeezed between the rising piston and the flat 
face of the exposed cylloder head. The purpose of combustion chamber design 
is to obtain the necesury characteristics and the various shapes are described 
as bathtub, heroisphencal. pentrooC etc. The hreball design is an advanced 
form of combusiion chamber in which (he main pan of the volume is 
concentrated around the exhaust valve and charge movement is encouraged by 
the shape of path from the inlet valve side to the mam pan of the chamber 
round the exhaust valve. This design has shown good improvements In the 
average fuel consumption figures, with prospects of 20V* being achieved with 
production engines, because of its ability to bunt lean mixtures due to the high 
temperatures obtained with (be high compression ratio and the highly turbulent 
movement of the charge produced by the geometry ttflbe combustion chamber. 
There are other forms ^ stratified charge 'combustion chambers, such as the 
divided chamber of (he Honda CVCC ecgiiK and the Ford PROCO open 
chamber, which have shown improvements in mixture control and performance. 

Modem engine development starts with an understanding of the characteristics 
of the combustion process arising from the theoretical modelling of this highly 
complex two-phase reaction which describes tbe initiation of the ignition and 
the propagation of (be flame through a mixture of the fuel -air charge induced 
and (he proportion of residual eihaust gas in the cylinder. This must describe 
(he nature of (he flame from, the rate of bum, the charge turbulence and 
combustion kinetics. The equations established are complex and require o great 
deal of computing time. Tbe prediction by such programmes hat to be 
compared with engine results md then the models are fuither refined to improve 
the correlation between theory and practice. 

Such complex theoretical investigations have only become possible because 
of the availathlily of adequate computing facilities, but the Impact of the 
computer and microprocessor have not ended there. The computer is a powerful 
support to all analytical and experimental work and can be involved directly 
in the experimental work for data collection, analysis, and control of the 
experiment. Once the characterisiicstre known, from theory or experiment, the 
combustion process must be cootroUed and increasingly the microprocessor is 
in evidence as the brain of the engine management system. In the early 1980s 
engines appeared in production vehides with programmed ignition and 
electronic fuel control and (he indusion of knock sensors to warn the ignition 
control unit of tbe onset of'knock'which then retards the ignition of individual 
cylinders to avoid delonation. Similarly, during warm-up the output of an 
eleclricaUy heated hot spot in the inlet manifold is automatically reduced as 
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13v4 A four<)iUnder raciiil cnfiiK ol ^ndiy 149$ litres has a bore of 94cnJB umI « 
compresBOB ntio erf 12/1. Wbn tested epsnsi a djnuDooeter with a torque enn of 
0.461 m a Ruiimum load 0(622 N eras obuined at 5000 rtv/mow and at ihe peak speed 
of 6750rev/BU& the load «ea 547 N. The lOioinum fud coosumption was lT2nU/s 
at a speed of jOOOrav/Biifw the specific graviiy of the fuel beiDg 0.7J5, and 
* 44300kJ/li^ Cakulaie the maaimum boep, ibe masimun bp. the minimum 
specific fuel coiuumptioix nod the maximum brake thermal efficirncy ai maximum 
torque, and compare this latter answer with the air standard efficiency. 

(14.44 bar; I7g kW; a)02 k|/kW b; 26.9H; 

11J A three-cjrlinder. dircciHajecuoa, water<ooled. Iwo^ltoke oil eii$iM with two 
boriiontally oppoeed pasiotts per cytiodcf baa a bore of 816 mm and each ^lon has 
a stroke of 102 mn. The eafsnr was tested agaiosi a brake with i torque arm ^0.381 m. 
The mulls teken on a vahable speed lest are as in Table 13.4. Plot curves of torque, 
bp. and specific fuel consumption against speed Convert the lorque curve to a bmep 
curve by cakulatloQ of the appropriate scale ftcior. 


Table 114 Data tor -]-TTTI-7T 

Problem I3J Speed Broke load Fuel 


(rev/mm) (N) <kg/raia) 


lOOD 

Wli 

6146 

1100 

tl*i 

0157 

1200 

62U 

am 

1300 

621.4 

0185 

1400 

631.4 

0.301 

1500 

6214 

0216 

1600 

616i) 

0229 

1700 

609.0 

(L24I 

1800 

5965 

0.252 


114 A four<) Under. Iour*stroke dkseJ engiae has a bore of 212 mm and a stroke of 292 mm. 
At full load at 720rev/miB the bns sp b 5.93 bar aad the specific fuel consumption is 
0.226 kg/ k W h. The air- fud ririoasdetefiniBcd by exhaiai gas analysis Is 2 5/1. Calculate 
the brake thermal efficiency and tbe vtrfuaetric eflictcncy of the cogina Atmospheric 
conditions are t.Ol bar ani I5*C and ^,nj. for the fuel may be laken as 44 200 ki/k^ 

(36%: 76.1%! 

11.7 The mtlBe of Probtoa 134 bio be uaed as a doairfuel engine. It a to bum methaoe 
(cakrific value 33480 kJ/m’ at 1413 bar and fSX). and has a pilot injection of oil of 
10% of the input when ruofung as a diesel engine. Tbe air*fuel ratio for the oil b 25/1 
as before, and for tbe methaoe 1.5/1. If the volumeinc cfReiency and the power output 
remain the sane, what b the bralte thermal eJ B ci ency tbe engine when running on 
tbe dual fuel? 

(23%) 

114 A four*cyljnder petrol engioe with a bore of 63 niin and a stroke of 76 mm was tested 
at full tbrottb at 3000 lev/mio over a range of mixture streogihs. The followiog reading 
were taken during tbe test: 

Brake load/(Nl 162 16Si 169 170 109 162 1$9 

Fuelconsumptkm/fml.s) 108 104 117 ISO 184 3.40 3.S6 
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The rtlaiivc densHy of Ihe fud b Oi724, Cakulace ihe correspondini vdues o( bmep and 
fpedfic fuel coDiuAp(*o&. noi a codaucnpcion loop aod obuin from U the eomtponding 
value* fot maximum powo and oiuimum cconocny. Tlie bp in kilowatts \% given by 
H'^/26S30> wbcit II' a the brake load m ncwiofu and S' is the engine speed in 
revolutions pet miauie. 

ia.02bar: 0.^4 kg,kW h: rS4 bw; 028 kg/kW h) 

18.8 For tbe teal ouUuied in ProUcm 13J an air box waa fined whieb had an unhee of 
4] 45 mm diameter with a diwharic coelTicttni of 04i The cormporvdini manomeier 
readinp m puUsmetro of water were u follow*: 

Manometer, (mm water) 3150 3J.50 3).S0 3340 33.80 34 25 34.80 

Take the denarty of the air at inlet as 1.215 kg/m* Plot to a base of tir-fuei ralio graphs 
of hp and apedfk fue) consumptioo Whai are the air-fuel ratios ti masimum power 
and tuxinum econem)*? 

(12.8/1; 15.7/1) 

18.10 A fouKylinder petrol engine haa an output of 52 kW at 20U0 rev/min. A Morse lest is 
carried out and (he brake torque readings are 177,170.168, and 174 K m respectively. 
For DOrmal running at this speed the spedGc fuel consumptioo is 0.364 kg/kW h. The 

^ u 44 200kj.'kg. Calculate tbe mechanical and brake thermal efficiencies 

of the engine. 

(81.6%; 22.4%) 

13.11 A V4 four-stroke peirol engipc is required to give 186.5 k W at 4400 rev/min. The brake 
(hennol efRckrwy can be assumed to be 32% at the compression ratio of d/I. The 
arr-fod ratio is 12,> I and the voluraetik dGcaeocy at this speed is 69%. If ihe stroke 
10 bore ratio b 08 . detensiiw ibe engme dtsplaceenenl required and the dimensions of 
the bore and stroke. The Cavu* ^ <he fuel is 44 200 ki/kft and the free air conditions 
arc 1.013 bar and IS C. 

(5.11; lOO.Smm; 804 mm) 

13.12 A f6uc<)Iinder. four*stroke diesel engine develcps 83.5 kW al 1800 rev/min with a 
tpecihe fuel consumption of 0.231 L| kWh. and air-fuel ralio of 33/1. The analysis of 
the fud is 87% carbon and 13% hydrogen, and the is 43 500 kJ, kg. The jacket 
cooling water flows al 0 246kg's and its temperature rise is 50K. The exhausl 
lempecature is 316 *C. Draw up an energy balance for t be eagi ne. Take R « 0 302 ki /kg K 
and r, a IJ)9 kJ/kg K tor tbe dry exhaust gas, and e, * 1.86 U/kg K for superheated 
steam. The terapetaiurc an tbe lai boiue is 174'C. and tbe exhaust gas pressure is 
1.013 bar. 

(bhp 3S.8%.eooliag water 2^1 %;eiihaiKi 35.3%: radtttion and tuutccousied 16.9%) 

13.18 An cighl'Cylinder. four*stroke diesd eogme of 339 mm bore. 304 mm sirokoi and 
ctMnpresMon rwiio 14/|, has an output of 375kW at 7S0rev/min. The volumeirre 
efficiency is 78%. tbe mcchaoical cfixiency a 90%, and the iix-fuel ratio is 25/1. 
If ibc imep for the pumping loop is 0345 bar. calculate the imep for the working loop. 
The engine is now fitted wiib ao exbaust^nven tuibo*blower which delivers ait lo the 
cylinders at 1 43 bar. The cooipiBiion niio a reduced to (3/1 and ihe measured 
volumeirk efficiency Is 102%. It can be assumed that ihe cihausl pveisure remains 
eoRslani and equal to 1013 bar, aodthal ihetmep ofilieinain loop is directly proportional 
lo the mau of air jnduetd Cafetilate the bp which con be eipecied If (he speed and 
mechanical efficiency remain the same. Compare the spccUk fuel consumption for ihe 
two cases, if the air-fuel ratio for the supereharged engine ts 36.8'1. The free eircondiliom 

are 1.013 bar and I5X. 

(7.0 bar; 5 (4 kW; 023 kg/ k W h; 0 205 k g kW h | 
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Refrigeration and Heat Pumps 


The purpose of a refn^raior is lo transfer heat from a cold chamber which is 
at a temperature lower than that of hs surroundingx, A temperature gradient 
is thus established from the surroundings to the chamber and heat will How 
naturally in this direction. The heat flow can be resisted by insulating the 
chamber from the surroundings the use of suitable insulating materials, but 
practical requirements and conditions make necessary a continuous means of 
transfer of heat from the chamber. 

Elementary refrigerators have been used which utiU 2 e the melting of ice or 
the sublnnatioo of solid carbon dioxide at atiaospberic pressure 10 provide the 
cooling eSecL The continuous consumptioo of the refrigerating substance with 
the means of replenishment required from another source of supply make these 
methods inconvenieoL The temperatures attainable by these methods are 
limited, but although locfficieDt for continuous refrigeraboo, these methods are 
sometimes convenient forms of cooling in the laboratory and worttshop. 

The nature of the problem suggests a means erf refrigeration which consists 
of a cyde of processes with the same quantity of working fluid, called the 
refngerani. in continuous dreulaiion. If the rtfrigeraot receives energy in the 
cold chamber at a temperature below that of the surroundings, then this energy 
must he reyected before the refrigerant can return to the cold chamber in its 
initial state. This energy reyection must be carried out at a temperaiurt above 
(hat of the surroundings. The energy at rejection b of a higher quality, because 
of its higher temperature, than that received in the cold chamber. This energy 
can be used for healing purposes and refrigerating plants designed entirely for 
this purpose are called heal pumps. The lerm *heat pump* Is appropriate to 
the action of the plant since energy is transferred against the natural temperature 
gradient from e low*iemperature to a hi^r one. It u analogous to the pumping 
of water from u low level to a higher one against the natural gradient of 
gravitational foite. Both actions require an Input of energy for their 
accomplishment. There is nodiffeKnee in operation between a refrigerator and 
a heat pump. With the refngerator Ihe important quantity b the energy removed 
from the cold chamber called the rtfrigeratin^ and with the heat pump 
it is the energy lo be rejected by the refrigerant for healing purposes. The 
machioecao be used for both purposes and one particular domestic unit provides 
for the coeding of a Urdcr and the heating of water. 



H«frl9«rKton and HMt Pump* 


The refrigerating planr chom depends on the particular purpose since each 
applicauon has to meet specific ccquiremests. A number of substances are 
ullliaed as refrigeianls and most methods use the refngerants in the 
liquid-vapour sures. The reasons for this will be discussed later (set 
section IA2> 

The choice of a suitable refttgerani depends not only on the thermodynamic, 
heal liansfer, and chemical properties, but also on wheibcr the refrigerani is 
flammable aad/or toxic Leaks can occur during service and personnel who 
are involved in the manufacture of the Tefrigerani or in the commissioning or 
decommissioning of the plant must not be subjected to poisonous or dangerously 
innammabie gases. Unfortunately it has bm discovered ihal one group of 
refrigerants (nllcd CFCsL although noo'flammable and non-toxic arc partly 
responsible for a ibitiniog of the oeoae layer in the earth's siraiotphere leading 
to an increase in the ultraviolei radiation reaching the earth's surface from the 
sun. This important topic is considered in more detail in section 14.11. 

For a more thorough treaUDcnt of refrigeration the reader is recommended 
to reference 14.1; a concise analytical treatment of refrigeration plant used for 
air-conditioning is given in reference 14.1 


14.1 Reversed heat engine cycles 


In section 2.1 the First Law rrf Thermodynamics was stated as follows: 




h»i 

engine 


H —I 

Fig. 14.1 Reversed 
heal engine 



Wh^n a system undergoes a thermodynamte cycle then the net heat supplied 
to the system from res surroundings plus the net nark input to the system from 
Its surroundings is equat to sere. 

Figure 14.1 shows a reversed heat engine cycle. The effect of the reversed 
heal engine is to iransler a quantity of heat. Q,. from a cold source at 
temperature, T,. 

The reversed heat engine fulfils the requirements of a refrigerator and the 
First Law of Thermodynamics ap^died to the system of Fig 14.1 gives 

S dQ-r J dW • 0 
or e,-t-ef*-W-O 
iherefoic 

W-fC, w-Cj fl4.l) 


Foe a refrigerator the imporiani quantity is the heal supplied to me system 
from the surroundings. Ci, and fora hear pump ii is iheheal rejecied from the 
system, - Q}. The power input W. is important because it is the quanliiy which 
has to be paid for and ccnslilules the mam ilcm of the running cost. 

Refrigerator and heat-pump performances are defined by means of the 
coefficient of pctformancc. (COPl. which is given by 


COP_ 


-2>_ 

in' 


(14.2) 


soe 




14.1 AtvvfMd halt •ngln* cytriM 


COPh,- 


-Q. 

E»' 


(14.3) 


tCOP|, is someiirnes called (be performaiMC ratio. I 

The best COP will be giico by a cycle which is a Carnot cycle operating 
between the giten lemperature conditions. Such a cycle using a wel vapour as 
the working substance is shown diagrammaiically in Fig. I4.2la|. Wet vapour 
is used as the eiample. since the processes of conslanl-pressuR heat supply and 
heat rejection are made at constant temperature, a necessary requirement of 
the Carnot ode and one which is not fulfilled by using a superheated vapour. 


Fig. I4J Reversed 
heal engine s)slem 
operaling on Ihe Carnot 
eycle 



tal 



l») 


The changes in the thermodynamic properties of the refrigerant throughout the 
cycle are indicated on Ihe T-i diagram of Fig. I4.3|b). The cycle events are as 
follows: 

I' 2. Wel vapour at slate I enters the compressor and Is compressed 
isentropically to slate 2. The work input for this process is represented 

by W,.!. 

2- 3. The vapour eniers the condenser at state 2 and is condensed at eonsiani 

pressure and temperature to stale 3 when it is completely liquid. The heat 
rejected by the reTrigerani it -Q, 

3- 4. The liquid expands isentropically behind the pislon of the en^ne doing 

work irf amount - Wt^. 

4- 1. At (be lower pressure and Icmperature of slate 4 the refrigerant enters 

(he evaporator where the heat necessary for evaporation, g,, is supplied 
from the cold source. 

The boundaries of the sysiem are as shown in Fig 14.2(a) and Iherefore 
The nel worit input to (he ssston £ IF ~ IFi.} + IF] 4 
The net beat supplied to Ihe sysiem Y.Q ~ 62 4- Q, 
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IWfiflif U on antf HMt Pumpt 


aod 




iherefare 

l,W.W,,*Wy^.-Q,-Q, 
and from cqutiom (I4J) and (14.4) 

C. 


COP^-^, 


and 


COP^- 


iw -Q,-Q, 

-Q, -Q, 

iw 


From Ihe T-s diafram |Fi|. 14.2(b)), utKc the areaa on the T-s diagram 
are proponional to the heat quaalilin, Iben 

e.-T.(a,-a.) 

and -(2j - T,(»,-a,) 

-2iUi->4) 

therefwe 


and 

LC. 

and 


COP, 


r,(r,-a.) 
(r,-T.Ma,-a.) 


COP 

^ (T,-T.Ma.-J.) 


COP, 


T, 

T,-T, 


COP„ 


T,-T, 


(l*.5) 


EquattoM (14.4) and (I4J) give the maaiinutn pouible values ofCOP^, and 
COP^ between given values of and T^, the temperatures of the refrigerant 
in Ihe evaporator and condenser coils rcspeclivdy. For steady operatiun of any 
system there ti a constant mass flow rale. ift. and the power input is If' • AH'; 
similarly the rales of heat transfer become ij, - rhQ, and (J, - AQ]. 


Eaimpl* 14.1 


Solution 


A rcfrigeralor has working temperatures in the evaporator and condenser 
coils of -20 and 22 *C respectively. What is the msiimum COP possible? 
If the actual reihgeraior has a COP of 0.75 of the masimuni calculate the 
required power input for a refrigerating efleci of 5 kW. 

7, >-20 ■<■272 - 242 K and 7, - 22 ■<■ 272 - 205 K 
From equation (14,4) 


COP„, = - 


242 


7j - 7, MS - 243 


■ 2-92 
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14.1 fl*v«rMd hMt •n 0 ln« cvelM 


Actual COP^ = 0.7$ X J.M = 194 
Uuag equation (14.2), where (J, la $kW, we have 

COP,w-^-2.94 

therefore 

IPw —• l.7kW 
194 

le. Required power inpui ■ 1.7 kW 


The areus representing the qwniiiies Q, and W are shown in Fig. A 

eoAsideraiion of these areas and equations (f4.2) and (14.3) shows the 
relationship between COP^ and COP^^. 

From equation (14. t) 

Dividing through by H' gi>es 
W W 

Then using the definitions o( equations (14^) and (14.3) 

COP^-COP^+ I (14.6) 

Equation (14.6) indkaies that ideally the heating effect of a heat pump is 
greater ihui the work and this suggests that it wou)d provide an effective 
beater. Since a beadag effect can be obtained in a number of ways which have 
a much lower capital cost than a heat>puinp system, a careful economic analysis 
is necessary before deciding whether a heat pump is financially viable. 

It should be noted that a beat pump used for heating is much less 
effective when using the atmosphere as its ]ow*temperatuce heat source. Thb 
is illustrated in Fig. 14.3. The performance of a heal pump varies with the 
temperature of the source of heal supply as shown in the figure; the heat loss 


Fig. 14J Heal pump 
balance point 
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14.2 VBpQur-compraMlon eyclM 


as 3.5. The values cakulaced usmg equation (14.5) are ideal values and 
(he dilTcrtflcc beiucen these and (hose for (he actual plaoi are due to the 
modificaliocis made to (be ideal eyde> and to irreversibUities. 


14.2 Vapour-compression cycles 

The mosi aidely used lefrigeraiors and heal pimps are those which use a 
liqueAable vapour as the refnieront. The evaporation and condensation 
processes take [dace when (he fluid is receiving and rejecting Ihe specific enthalpy 
of vaporiulion. and these are consiani-icmpctature and constant-pressure 
processes. The cyck is one in whkb these two processes correspond to those 
of Ihe reversed Carnot cyck for a vapour, and this enables the temperature 
range for a given duty to be kept low. The resistance to heal transfer during 
the change trf slate from liquid to vapour, or from vapour to liquid, is less than 
that for Ihe refrigerant in the liquid or gaseous slates. For a required rale of 
heal transfer the area of the surfaces required is less If this fact is utilized. 

The properties of the various refrigerants must be considered when a selection 
is to be made for a particular pu^iose. A high specific enthalpy of vaporization 
at the evaporator temperature means a low mass flow rate for a given 
refrigerating eflect. 

PractKal conskktatioDS have led to several modibcalions to the ideal cycle 
of section 14.1, using a vapour as the working fluid These will be considered 
in turn. 

Replacement of the expansion engine by a throttle valve 

The plant is simplifkd by replacing Ihe eipansion cjfindcr with a simple throillc 
valve. Throttling was discussed in section 3.5 and the process was shown to 
occur such (hat (he initial enthalpy equals Ihe final enthalpy. The process is 
highly irreveisibk so that the whok cyck becomes irreversible. The process is 
re[xescnicd by Ihe dolled line 3-4 on Fig IdSla). Acomparisonof Figs I4.5<a| 
and 14.2(b) shows that the refrigerating eHed, Q, - r,(s, - 5,1. is reduced by 
using a ihrollk valve instead of the espansion cylinder. 


F1gl4J Reverwd 
cycle uung a ihroiile 
valve 




Ihi 
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tfld HMt Pumpt 


Condition at tha compressor inlet 

To luke cooifdae tut (rf (be specific cniluJpy ol vsporizalion of the refrigemnl 
io the evapomior it is detirtbk to continue the process until the vapour is dry 
saturated. In a practical unit this process is esteoded to give the vapour a 
definile amount of superheat as it leaves the evaporator. This is leally 
undesirable, since the work to be done by the compressor is increased, as will 
be shown later. It is a practical aecesiiiy to allow the refrigerant to become 
superheated in this way in order to prevent the carry-over of liquid cefrigetant 
into (be compressor, where it interferes with the lubrkatiorL The amount of 
superheat should be kept to a mintmum. The compretsion process under these 
conditions is shown in Fig. 14.6 and il b seen that the iseniropic compression 
lakes the refrigerant well into (he superheat region. The rejection of heat in the 
condenscrcannol now be carried out at constant temperature, and this represents 
another departure from the Ideal revened Camol cycle. 


1^146 T-r diagraia 
Tor a reversed cycle with 
superheated vapour in 
the coiupressor 



Undercooling of the condensed vapour 
The condensed vapour can be cooled at constant pressure to a temperutun 
below that of the saturation temperature corresponding to the cundenKr 
pressure. Thu effect b shown in Fig 14.7. in whKh the constant-pressure line 
Is shown further from the liquid line than il would actually appear, in order to 
illusttale the point. The effect of undercooling is to move the line 3-4. 


Fig 147 T-sdragram 
for a reveracd cycle with 
undercooling in the 
condenser 
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14.2 V«peur*eemprMtlon cyelM 


The refneeraling effect, Q,. h given by 
e. = T,(1,-1^) = T,|S,-»,) 

From tables 

Sj - s, at 12.)7 bar • 4.962 U/kg K 
and ij >5, at I2.]7bar-IJ3SU/kgK 
therefore 

Q, - 2S3<4962 - I.23S) ■ 942.8 kj/kg 
U. Ideal refrigerating effect - 942 8 kj/kg 
(iil The cycle is shown In Fig I4.9. At 12.37 bar, 

h, W A,. 1469,9 kJ/kg and ft, - k, - 3328kJ/kg 


Fig 149 T-a diagram 
for Eaampic I4.2(ii) 



At 1.902 bar, 

ft. > ft, m 3318 U/kg 

To find ft, use Ibe fact that process 1-2 is isentroplc. 
U. a,>s,wJ,atI137bar-4.962kJ/kgK 
therefore 

0368 + x,|5823 - 0,368) • 4.962 
therefore 


*1 


4894 

S.23S' 


0.874 


Then from equation (12) 

ftl “'ft.+ 4lftl„ 

U. ft, • 898 4 {0874 X (1420 - 89.8)} 


12318 kJ/kg 
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R«fr(9«r*tiDn md HMt Pumpi 


From equation (14.7) 

Rebiieraasg eSeei - A, - - 1251J - 332.8 - 919 U/kt 

Fiomcquatioo (14.8) 

Work done on ttfcigennl • A, - A, 
ie. Work done on c«fri|erant - 1469.9 - 1231.8 - 218.1 kj/kg 
Then from eqiiatioo (14.2) 


COP- 


Cl 919 

£ if" 218.1 


(Ui) The cycle >i thown in Fig. 14.10. Al 1.902 bar 
A, - A, - 1420 kJ/kg 


Fig. 14.10 r-s 
diagram lor 
Example I4.2liill 



aa before 

A. > A) - 3328 kJ/kg 
Also at 1.902 bar. 

s, a s, • 5623 ki/kg K • s, 

At 1237 bar, s, - 4962ki/kg K, hence (he refrigerant Is superheated at 
stale 2 Inierpotitiag 

*1 - 1613 4 .( 1 ;^ I 3 ^ ) « 1 - >613) - '»8 5 WA 8 
From equation (14.7) 

Refrigeralingellecl.Qi a (Aj — A«) * 1420 — 3328 
> 1017.2 U/kg 

Front equation (14.8) 

Work done on refrigerant -|A| — A,)a (1698.5 - 1420) 

-278.5 k)/kg 
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14^ Vapour«iwipfM<lftn cvc3— 


Thco from equation (14.2) 


COP„ 


e. _ 1077.2 
2 tv ’ 278.5 


3.9 


<iv) The cycle i> thown in Fit. 14.11. The vaJua of k, «Dd A] art u detennined 
lor part (iii). The ralue of kj • k« can be foutvd by auuming lhal the 
undettooLiai ukea place along the uiunied liquid Une, and therefore kj • k( 
tl ij. This b a go^ approiimaiiOD for most rerrigeranu. Another way of 
obuuning A, b by aunning a conilaDl qieciAc heat, r, for the ammonia liquid, 
and then 


k,-(^at i,l-e(i,-r,l 


FH.I4II r-s 
diagram Tor 
Example la.Ztiv) 



It u usually more convenieal to use the first approuroadoo, Le. 
k, - k, at r, - 284.fi U/kg 

where l) » 32 — 10 » 22 *C Then, from equation (147X 


Refrigera(ingcAect,Q, -(k, - 84 )- 1420 - 2B4.d 
1 I135fikj/kg 

Abo from equation (14.2) 

COP.,-^-li^-408 
j; tv 278.5 

where £ IV b the same as in part (ii). 


Example 14.3 Recalculaie Example I4.2|iv) for a cycb between the tame taiuraiion 
t cm p e rmtuie using Refrigerant (R) 134a instead of ammonia. 

Solution Some properties of R134a are given in Table 14.1; these are derived from 
properties of the ICI itfrigeiani KLEA 134a by permbsion oTICI. 

From lablei. intetpcdaiing for undercooled liquid at 22 *C 
k,-k,, at 22 'C-k.- 126.92 + 0.4(13349- 126.92) 

> 129.71 U/kg 
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14,3 iMd 


TlieRrore 


M 32 "C 

k, • 31g.BS + a4(321.82 - 3IB.»S|» 320.04 U/kg 

Then 


Refrigeralingeffeci • h, - k. - 283.03 - 129.21 
- I53.32kJ/kg 

(compued wiih 1087.2 kj/kg for Uk unmonia cycle). 


Also 


k|-k. 133.32 153J2 

k, - k, " 320.04 - 283.03 ” 37.01 


• 4.14 


(cornpared with 3.90 for Ihe ammonia cyckk 


In most systems the space to be cooled is not cooled dicecdy by the refrigerant 
in the evaporator. Tbe space is endrcled by pipes carrying a secondary fluid, 
( 04 . a solution ofsodrum. or calcium, chloride in water). The secondary fluid is 
cooled in the evaporator of the refrigerator before being pumped through pipes 
passing through the cold chamber. This introduces a further coitifriicalion to 
the system, but when large dbiaocos have to be covered by the pipes carrying 
the cold fluid, the tefrigeranl leakage problem is reduced by using a secondary 
fluid. Also, in some cases (e .4 in storage warehouses) there could be damage 
to goods due to leakage if direct refrigerant cooling were used The cost of (he 
plant is increased by introducing a secondary fluid, and the cost of pumping it 
may be an important factor in Ihe running costs. A cildum chloride brine 
solution is used more often than a sodium cldoride sotution since it can be 
applied to cases where tbe lemperature is to be below -18 ‘C For 
air-conditioning ipplicaiions the secondary fluid is usually water. 


14.3 Rafrisarating load 

The most important quantity in the applkation of a teftigeraior is the amount 
of heat which muss be transferred per unit lime from tlte cold chamber and is 
known as the rtfrIgtroUon repnclly. The American unit of refrigeration is called 
(he rofl and is deflned as a rale (rf lieal transfer of 200 Btu/min. based on the 
cooling rale required to produce 2000lbof iee at 32‘F from water at 32‘F in 
a lime of 24 h, ie. 1 Ion - 200 Btu/min - 3.SldkW. The refrigeration capacity 
deddes the mass Sow rate of a given refrigerant when working under specified 
conditions, i«. 

Mass flow rale of refrigerant, ik 

refeigerationapacity 
refrigeratingeflcciper unit mass 
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14.4 TIM pr«aurft**nthtlpv dlpgriun 


14.4 Tha pressure-enthalpy diagram 

Up 10 ibb poiot refrigeniloD cycles have bees repmested os a T-i diagram. 
The pressure-cothalpy diagran is osore convesienl for tefrigeralion cycles since 
(be esihalpies required for the calculation can be read olT direct. The essential 
realurcs of the diagram arc given iit Fig 14.12. and a typical reTrigemiion cycle 
IS shown as a p-h diagram in Fig 14.12. The points 1,2.3. and 4 represent the 
same positions in the cycle as they did in (he previous sections; a cycle with 
undercooling is shown. For the rest of this chapter all refrigeration cydet will 
be shown on p-h diagrams. 


Fig 14.12 Sketch ofa 
prtsiure-ealhalpy diart 
for a refrigeriot 




Eaampl«14.S A vapouc-oo m p r es si on plant using RI34a operales with an evaporator 
pressure of 2 bar and a condenser uiuralion pressure of 8 bar. The vapour 
entering the compressor is saturated at 2 bar and (he liquid leaving the 
condenser is saturated at 8 bar. Assuming the compression process is 
isentropie. csiculale the coefficient of pcrformaoce. Use the p~h chart for 
Itl34a. 
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14.B Comprvuoi tvp« 


Solution A reduced size prcMUR-cnlhalpy chan for RI34a i> ^ven by permission of 
ICI as Fig. 1AI4, A sketch of the processes on ap-h chart is given as Fig. 14,15. 

From the chart: at p, - 2 bar and T, - 223.1 K the vapour it superheated 
and h, - 301 kJ<kg; at pj • Bbar. A| - h,} • 145.5 U/kg h,; at p, i> 8 bar 
and i, • s, • 1.759 kJ/kg K. li, > 330 kJ/kg. Then 


COP, 


*,-*4 30i - 145.5 

4,-*, " 330- 301 


I1|. 14.13 PreM4i(v> 
rnibtlpy ditfrtm for 
Eiampk 14.$ 



Spco6c fflihafpy ikj/kf) 


14.S Compressor type 

Bolhcenirirugalandposilivedis^acementcampTessotsarcusedin rerrlgcraiion 
plant and the general theory is covered in Chapters 11 and 12 with air as the 
working fluid; the basic theory is the same but with a vapour as the working 
substance in place of a perfect gas. 

Reeiprocatini compressors are in common use up to a power input of about 
600 kW; at the lower end of tbe power scale, particularly for domestic plant 
and small air.conditioiiiiig units vane-type compressors are used. Centrifugal 
compressors are used in the range from about 300kW up to IS MW with 
screw-type compressors also used from 300 kW up to about 3 MW. Centrifugal 
compressors are ideally suited to high volume flow machines; they run at speeds 
from 3000rev/niiD up loaboui.20000 rev/min; several stages are used for high 
pressure ratios so that tbediaineter of the impeller can be kept to a reasonable 
siae, thus avoiding dcslmctively high centripetal stresses. 

Reciprocating machines nut at much lower speeds, usually in the range from 
about 200 to 600 rev/min. and increased capadly is obtained by using 
multicylinder machiiies. The required mass flow of refTigerant is given by 
equation 14.10. The volume flow rale of the refrigerant drawn into the 
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14.S CsmprHMT TVP* 


Exampla 14.7 


14J Some 
properties ot 
RcAifcrsat 22 


Then using eqution (14.12) 

^ 2 <c 1 X 200 X ggS X 0014726 

0.106 X 60 


a 7873 kg/i 


Le. Mass Bow of tefrigenot > 0.7B73 kg/t 
(U) Taking (be eolbalpy values fren Exuiirie I4J 
Refrigerating capaciljr wikfA, — be) 

>0.7173(301 - U$.3) 
-l2I4kW 


(iii) Power input from mour -)i|l 

-0.7173(330 - 301) 
• 22.SkW 


A plant using R22 baa an evaporator situtatioD temperature of - I *C and 
a condenses laiuraiioo temperature of 43 *C. Tbe vapour is dry saturated 
at entry to tbe compressor and is at a t em p era ture of 73 *C after compression 
to (he condenser pressure. Tbe compre ss or is a two-stage centrifugal 
co m p r e ss or, each stage having (be same pressure ratio and enthalpy rise. 
Assuming no undercooling in the condenser, a slip &cior of unity, ask] flow 
of refrigttaot into (he compressor, radial flow of refrigerant at the impeller 
exit, and tisiag the properties ol R22 given in Table 14.2, calculate; 

(i) (he coefficient of performance; 


Saluntcd values 






Spcdfic 

eMhalpy 

Specific 

Specific 

vc4ume 

Temp 

Praia 

k. *. 

A h 

CCl 

(bar) 

(U/kg) 

(U/lgK) 

(m'/kg) 

-1 

4$ 

4416 

172m 

I91t} 404.99 

2^40 4I7JI 

6966 t.T33 

I.IB7 IMi 

00467 

00137 

SupcrhMt values al 1 bar 



Tenp. 


Spedftc 

enUialpr 

Speak 

eauop; 


CC) 


(U/kgl 

lU/kgK) 


63 

TO 

75 


43627 

44677 

44321 

1.731 

1.764 

1.777 
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Exampl* la.B 


Solution 


Plft. 1419 Prosu/t- 
cstholpy diAgrua for 
Buoipk 14,8 


coincident with the latunlcd vapour line. Tlx throllling procesi would tbow 
a decreasing amounl of >l(|uid in a succession of stale* from p« lo p, along the 
liquid line. This cjide is the reveiee of lhal used in ileani power plani for 
regenerative feed healing (see section S.i). 

A vapour compression plant uses RI34a and has a lueiloo saturation 
temperature of — S*Cand a condenser saturation temperature of 45*C The 
vapour is dry saturated on entering the compressor and there is no 
undercooling of the condensate. The compression is carried out iseniropicaUy 
in two stages and a flash chamber is employed at an interstage saturation 
temperature of IS*C. Calculate: 

(i) the amount of vapour bled off at the flash chamber: 

(ii| (he state of tbe vapout at the inlet to the second stage of compression: 

(iii) (he refrigerating clfect per unit mass of refrigerant in the condenser: 

(iv) the work done per unit mass of refrigerant in tbe condenser: 

(V) the coeflkient of performance. 

Use the extract of properties for RIMa gtven as Table 14.1 (p. 498). 

The cycle it shown oo Fig. 14.19. 

(i) From equation 114.14) 

, _ *»~V _ l«W- I2Q.06 _ 4187 _ 

*“ “303J8-liaOfl” 183.32“ 

ie. Vapour bled off « 0134 kg per kg in the condenser. 



(ii) Adiabatic miiing was dealt with io seciiOB 3.4. In (his case x kg of dry 
saturated vapour at 1S°C ate mixed whhfl - x)kgof superheated vapour at 
11.5447 bar. Since s, • l,7l55kJ/kgK then the value of A, can he found 
by interpolating from superheat uMea 

- 30584 kJ kg 
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From equation (XU) for idiibalic mining 
I X li,>((|-x)x k]} + xh^ 

- 1(1-IX2M)x 30544)-ffO^ x 303.3S) - 305.26 U/kg 
Tlteiefore Uw vnpourK inlet to ibe second Mgecompreaeot is still superbetted. 

(Ui) From cqueiion (14.16) 

Refrigeraiingeffwt •(! - x)(k| — k,) 

-(I - (U34)x (291.77- 120.061- 131.53U/kg 


(iv| Tbe entropy Sj it found by interpolation at 48734 bar and h}- 
305.26 kJ/kg. between Ibe taluraicd Mate and sute X 


i* tj - 


1.7071 + 


30526 - 30X38 
305.84 - 30X38 


) 


X (1.7155- 1.7071) 


therefore 


3, - 1.7071 + 040645 - 1.7135 U/kg K 
The proceu 5 to 6 n bentropic. hence interpolating at Pc 
1.7135 - 1.7028\ 


8 , . 319. 


'-M + (p 


.7440-1.7028; 


X (33247 - 319.54) 


therefore 


8.-32X08 U/kg 
Then from equation (14.15), 

Worit input - (I - xMk, - 8,) + (8, - 8,) 

U. Workinput - {(I - 0234H30&84 - 291.77) + (323.08 - 305.26)) 

-2L6U/kg 


(v) From equation (142) 


COP.K 


fli 131.53 
i.w“ 28. 


It it ioleretting to compare ibete results with those obtained with the basic 
cycle at shown in Fig. 1420. 

At before, s, - 1.7155 kJ/kgK, therefore, since t| - tj. interpolating 




319.54 + ^ 


1.7155- 1.7028 
1.7440-1.7028 


) 


X (33247 - 319.54) 


• 323.65 U/kg 
Then from equation (148) 


IF - (8, - 8,) - (323.65 - 291.77) • 31.88 U/kg 
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S04ci6ccmkilpr/|U/h|l 



From cqualioo (14.7) 

Refrigerating cffteL Q| • (A, - fi^) - 291.77 - 162.93 
Alao from equation (14J). 


COP^- 


(?■ 


128.84 
' 31.88 ' 


4.(M 


128.84 U/kg 


14.7 Vapour*ab*or|itIon cyclat 

Vapour-absorption cycles have been in use for some time, but recently (hey 
have become oS more interest because of their poicDtia] use as pan of 
energy-saving plant; also, they use more environmentally friendly reCrigeranU 
than current vapour-co m pre s sion cycles. 

A vapour-absorption system operates with a condenser, a throttle valve, and 
an evaporator in the same way as a vapour-compreasioo system, but the 
compressor is replaced by an absorber and generator as shown in Fig. I4JI. 


F^iaJi 
Diagramniauc 
arrangenieni cf • 
vipour-absorpiioo 
lyttem 


Keal 

supplied 
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TiM idri|Eruit on laivtnf ihc cvapontot u readily abtorbed in a low- 
tempentuR abtorbing tome beal bong rqected during the proccaL 

The redrigenot-abtarbent toluboo b cboi pumped to the higbet pietniR and 
it heated in the teoeraior. Due to the reduced tohibUily of the rdtigeranl- 
ibforbeal t^ulion at the hi^wr pretauR and temperature, refrigerant vapour 
it lepaialed from the aolutioa The vtpour paoet to the condentet tod the 
weakened refrigerent-abaorbenl tolutioo it throttled back to the tbeorber. 
A heat exchanger placed between the ^itorber and geoeiator makea the ayitem 
more efficknl by uaoiferrtBg heat from the weak tolutioo coming from the 
geoeralor to the ttroaget tolutioo pumped from the abtorber, at tbowo in 
Ftp 14.21 The work done in pumping the liquid tolutioo it touch lea than that 
required to eompteu the vapour in the CMOpreaeor of an equivalent 
vtpour-compree ti oo cycle The main eoergy input to the tyttem ii the beal 
luppbcd in the generator: thii may be tup^ied in any convenient form cuch 
at a lu^hurning device, direct decuical beating, ttearo if already available, 
tolar oiergy, or watte beat A tefrigetmnl and abaorbenl mutt be found which 
have tuitable tdubility propertiet. Two combiaatioat are In general ute: in one, 
ammonia it used at (be reMprant with water at cbe abaorbenl; in the other, 
water it uied at the refrigerant with bihium bromide u the abtorbeat The 
prindide of operilkra it Cbe tame for both typea. 

One abiorptioa tyttem, known at the Electrolux, diipentes with the pump 
and utet natural drculacion. The lyxlem it shown diagremmatically in 
Fig 14,22; the teftigeranl is aimivnoia tad tbe ^totbent it water, with hydrogen 
used to enable drculatioo to take place by natural meant due to deoaity 
dUTeiencea. The tola] pressure it constant tbreughoul the tyttem. 


Fig 1423 Abaorpciofi 
□ectrolui irfilg n a iion 
ayttam 
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The ammonia bquid leaving the condenser enters the evaporator and 
evaporaiea into the hydrogen at the low temperature corresponding to its low 
partial pressure. The emmooia- hy d r ogen gat mixture peases to the tbsmber 
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inio wbkh ii tbo (dmilUd a weak atninoaia-water aolutioo from the uparaior. 
'Rie water atasortts the ammotua vapour, and (he bydrOfen rttunll to the 
evaporator. In the abaorber the ammonia vapour pawa from the ammonia 
circuit into the water circuil ai a strong ammonia-water solutiOD. This strong 
soiution passca to the generator where it it heated and the vapour given off 
ttiet to the separator. IIm water with (be vapour it separated out and a weak 
ammonia-water solution pattet back to (he absorber, thus completing the 
water circuiL The ammonia vapour rises from (he Kparator to the condenser 
where it is condensed and then tciumed to the evaporator. An actual plant 
includes refinetneatt and practical modifications whirt are not included here. 
The main advantage of the system is that all the energy supplied can be in (he 
form of beat: no pump is neectsary and bence a su|^y of electricity it not 
essential to run (be plant. The heal could be in (he form of solar energy or 
watte heat. 


Exampla 14.9 A water-chilling plant it to have a refrigeration capacily of lOO kW when 
curating between condenser and evaporator saturation temperatures of M 
and 3‘C A vapour-absorption cycle it used with water at refrigerani and 
lithium bromide as absor^t. The generator is maintained at tO*C using 
a supply of watte beat from hot gates, and the absorber is at 25 *C. Assume 
that the solution leaving the absorber is saturated at the evaporator pressure, 
and tbe solulioiis entering and leaving tbe generator are saturated at the 
e v a p ora tor pressure. There is no undercooling in the condenser and dry 
saturated vapour leaves tbe evaporator. There is a beat exchanger between 
the abaorber and beat exchanger as shown In Fig [4.21 {p. Sll). Assuming 
that the enthalpy of superheated steam at low pressures may be taken as 
apptoxiffiatdy equal to the saturated value at (he same ttraperaiute. and 
neglecling pump work and all pressure and beat losses, calculate: 

(i) tbe maaa flow rate of water through the evaporator: 

(ii) the beat supplied in the generator: 

(iii) the beat rejected in the absorber: 

(tv) ibeCOP.^: 

(v) the specific enthalpy of the solution entering the absorber. 

Solution To solve the problem it is necessary to have inforcnaiioD about the 
properties of lithium bromidc-walet solulioos. A chart of tpeciOc enthalpy 
againil concenintion b given in Rg 14.23. When a soiulion of a particular 
coDcentration b saturated at any pressure the temp era ture is fixed at 
that coeeeniration. If a saturated solution b heated at constant preuure. water 
evaporates to maintain saturation at tbe higher t em pe ra ture. For this example 
(be pressure in the condenser and generator b the pressure corresponding to 
the condenser saturation pressure of 34 *C. in. from steam tablespj * 0.053B bar. 
The weak aolutioo kaving the geocnior b saturated at 80‘C tod {t0538 bar 
and ben ce the point d can be fixed on (be specifle enlhalpy-coDcentratian chart 
where the pressure line S.3SkN/m’ cuts the 80*C temperature line. The 
concentration and specific enthalpy at point d can then be read off the chan. 

ie. and lu--88U/kg 
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The gas does oot receive aad r eje ci beai at coctstant temperature^ acd this shows 
• dcAcicDcy of a gu as « rcftigeraal when compared with a liquefiable vapour. 
The lemperaiure range for (he wel vapour is seen from Fig I4.24(b| to be i, 
(0 (}. and the temperature range for the gas is seen to be (4 to ij. The signilicaoa 
of this is (hat (he gas cycle Mil be less eSkient than the vapour cycle for given 
evaporator and coodensct (eaperalutes. The volume of refrigeraut to be dealt 
wiihisffludi greater for a gas and larger surfaces are required (or heat transfer. 

The use of a gas as a refrigerant becomes more attractive when a double 
purpose is to be met. This is so in (he case of air-conJitioning when the air can 
be tolh the refrigerating and the cooditioning medium. ADOIbcr advantage of 
ustog air is that It b safe as a tcfeigeranL The reversed constant-pressure cycle 
wu used in the early days of tefrigetatioo for this reason, the refrigerator using 
(his cycle besog known as the Bell-Coleman refiigcrator. In modem air 
tefiigeralion cycles the large displacemeni volumes can be handled best by the 
rotary-type compressor and expander, at these are more compact for a given 
flow than (be reciprocating snachioes. 

Figure I4.24|b) shows the ideal eyck for a plant uung a rotary compressor 
and turbine. The work done by (be air eipan^ng is used to help to drive the 
compressor. The net input to (be plant is given by £ IV - H'l.] -<- Then 
allying the steady-low equation to (be eyde and oegleciing changes in kinetic 
energy 

and -(*,-* 4 ) 

Therefore for a perfect gas 

»',.,-c,(T 5 -r,) and »t 4 =-c,(r, - T 4 ) 

The refrigerating elfect is obtained from equation (14.7) 

C, - *4) -c,(T, - T,| for a perfect gas 

The actual cycle would be as shown io Fig I42S which includes (be elects of 
Irreversibilities in the compression and espantion processes. For this cycle we 
have 


Fig 14JS 
r-s disgram for an 
sclusi revened 
constant-pressure cycle 


>*'i-i-r»<7i-rt» ^ -c,(r,-r4) 
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a nd frocn ihe dcAntcipn of i$ent ropic efficiency in seciion 9. 1. and eq uations (9.1) 
aikd (9.2). we have 


T,mT,*l2!—!l and T. - T. - - T.,) 

1c 

where lc It isenirnpic effidendes of the compressor and the turbine 

respeciitcly. 

The refrigerating cflecl in (he actual cycle b then reduced to 


e,-c.(r,-T.) 


Fig 14^ Esample of 
an aircrafl air* 
conditioning system (a) 
with the processes 
on a T-s diagram |b| 


One ai^licatioD of thb system u that met with in modem aircraft practice 
in which the air delivered to the cabin must be conditioned. Air is bled from 
the compressor of Ihe engine. The proportion of this air to be used for 
air-conditioning b passed through a heat eachangcr and is cooled by ram air 
at atmospheric temperature, which passes over the outside of the heat exchanger. 
This cooling takes place ideally at constant pressure and the cooled air then 
passes to the refrigerator turbine through which it expands and gives a work 
output. The air. after expanding approximately adiabaiically. n passed to the 
cabin at a low temper a ture. The worit output of the turbine b used to drive 
essential auxiliaries such as pumps, and perhaps a fan to draw air over Ihe heal 
exchanger. As Ibis luchine would not develop sufficient power to drive all Ihe 
auxiliaries its effort b joined to that of another turbine which uses the rest of 
the bleed air from the main compressor. The arrangement b shown in 
Fig I4J6(a|. and the cyde b shosvn on a T-s diagram in Fig 14.26fb). The 
process follows an open cyde. suning from Ihe atmosphere and exhausting to 
the atmospbeiv. 




Exampla 14.11 Inlbeair-cootiDgsysietnofayelaircmlkasrubledfromlheenginecompressor 
at 3 bar. and is cooled in a beat exchanger to I0S*'C. It is expanded to 
0.49 bar in an air turbine. Ibe iseniropic efficiency of the process being 95%. 

SS'd 
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F4. I4JT TKe Lindt 
tyiiem for gas 
liquEictjoti iai wiUi (he 
pcDOcnca on a T-s 
diagram (b) 


correspoDding T-s diagimm is sbowa Id Fig. 14,271b). This is called the Linde 
process. The conespoodiog stale poials aiv indicated on both diagrams. 
SubrtaDccs which solidify at a te m pe ra ture above that of the required liquid 
lempeiaiuit must be removed froni the gas before admission to ll» plant The 
gas is compressed to a pressure of 100-200 atm before delivery to the cooler. 
The gas is cooled in the cooler to a temperature which depends on the 
temperature ol Ibe coohng water availaUe. The gas passes through a heat 
Rchanger where beat is iransierTed from it to the retumiog low-temperature 
vapour. It is cooled at 3 to a teraperalure which is in Ibe region of its critical 
value aisd is iben ihroilled to atmospheric pressure, at which pressure it exists 
as a wet vapour. The liquid is drawn off and the vapour is returned to the 
compressor. The quantify is made up from an esteraal supply before induction 
into the compressor. 

Lower tempersiures could be obtained by replacing the Ibrottllng operaiiou 
with an expansion machine of the turbine type. 

From what has been said previouriy about the Ihrottling of a gas it would 
appear that the process described in this section is impossible, as there would 
be no change in the temperature of the ps in throttling and therefore no cooling 
effect. With real gases there is a small change In icmpeiature on throttling and 
Ihii may be either an increase or a decrease. At any particular pressure there 
is a temperiluie above which the gas will not be reduced in (emperature by a 
throttling process. This temperature is called the imptraiart of inixriio't. 

At the commencement of the Linde process there is no cold ps returning 
through the beat exchanger and so there will be no cooling effect frwn 3 to 4, 
If, however, the temperature at 3 is below the tempctaiute of inversion there 
will be some extohni as the gas is throttled from 3 to 7, As the process continues 
the amount d cooling due to returning cold vapour will incream and the line 
3-7 will gradually move down to posilion 4-3. If conventional cooling is not 
able to cool the gas to below the te m per a ture of inversioo then a refhpration 
process must ffrst take piece to du sa 
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CFC« and HCFCa 

Tbe appajtDlJy kkal refrigenat, ibc baJocarboo compound, dichlorodifluoro- 
TMthaiw (DOW koowo as Refiigenol 121 was iaveoied to (he I93Cls by Thomas 
Midgley: it is ooo-iosic with a sro fire and eiplosion risk and has ideal 
Ihemodynasnic properties. CbaniCBl conpaoia luch as Du Pom and ICI 
developed a whole range of similar compounds, under (he respective trade 
names of Freoo and Arcton. These are now raotiltarly called CFCs' and are 
known to be damaging (be ozone layer. (It b iconic ihal the other great legacy 
to science ofThomuMidgleybletraetbyl lead to inhibit knock in 1C engines; 
the build-up of lead in the atmosphere due to car eshauil fumes it now known 
to be a possible cause of brain damage, paniculajiy in children, hence tbe move 
towards the use of unleaded fuel) 

The designation of tbe CFC family of rtfrigerants b arrived at by assigning 
each refrigerant a notional three-digit number. The first digit from the left 
rcpreseoli one less than tbe number of carbon atoms; if there n only one carbon 
atom then this digit b left blank. Tbe second digit represents one more than 
the number of hydrogen atoms; if there are no hydrogen atoms thb digit b 
unity; if there b at least one hydrogen atom then tbe refrigerant b familiarly 
called an HCFC The last digil rep rese nts tbe number of fluorine atoms. For 
example, some typical CFCs are as follows: 

dichlorodifluoronietbafie, CO^Fj b R12; 
iridilofofluoroioethaDe. CQsF b RIl; 

(ridUoiotrifluorometbaoe. CQiFCCIF, b R1I3 

and typical HCFCs: 

chlorodifluorotnelliane, CHCIF 2 b R22; 
dicUoro(rifluoroethaoe.CHQ}CFj b RI23: 
letrafiuorocthaoe, CHjFCFj b RIM 


It will be seen from tbe ebovc that tbe number el dilorinc atoms plays no part 
in tbe designaiioD; this b unfonunate since the ozone layer depletion potential 
of the refrigerant depends on tbe cUorioe contenL Refrigerants other than 
halocarbon compounds are sometimes detigoaied by pulling tbe number seven 
before tbe relaiivc molar mass of tbe substance. For example, ammonia. NHj 
b someiimei designated as R7I7, and water as 7|g. 

Mbctbiliiy with oil was previously idenilBed es one of ihe desirable properties 
of a reftigeranL MbeiUe rebigenots include Rll. RI2. R2I. and RII3; 
immbdble refrigeranu iodude RI3. RI4, and ammonia, sulphur dioxide and 
carboo dioxide. Azeotropic miilures of refrigerants ere used to produce a 
refrigerant combining the good properties of two ttfrigcranli, making up a 
miscible refrigerant. (An azeotropic miiture is one which cannot be separated 
into Its component parts by distillation.) One commonly used example of an 
azeotropic mixture b approximately SOM R22 and SOM RllSaadbdesigoated 
asRSOI 
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The ozone layer 

Ozone gu catuiau of ihice iloms of oixcen per molecule, chemicB] formula. 
O]. Il it a vigorous ozidizing agent and for this reason was at one lime used 
to 'clean' (be sir by producing it in annosphem sucb as kilchens. Ozone can 
be [mduced by as deetrka] disdtar^ in oiygan and iu presence can be delected 
in the vicioily of some electrical machines. At one time it was thought to have 
health-giving properties: ibe air at the seaside was believed to contain ozone. 
This theory it now discredited: the cbaracteritue tmeil of the sea is probably 
due to seasveed and perhaps partly to ionizatioB of the air. It is now known 
that ozone is positively harmful at ground level: it it one of the byproducts of 
photochemicaJ smog, (he action trf sunlight on a trapped layer of car and 
chimney exhaust fumes producing the dtemica] reaction to convert oxygen to 
ozone. 

Ozone is present in the layer in the earth's atmosphere known at the 
stratosphere, about 11-SO km above the surface of (he eanh. At these altitudes 
it is formed by the action of sunlight on oxygen and decomposes back to oxygen 
[4us a free oxygen atom also due to sunlight; the free oxygen atom comMnes 
with ozone to form two molecules of oxygen gas, 

i.e Oj-f sunlight-> 02 -h 0-.0} 

At any one temperature stabdily will eventually be reached, but the process is 
slow. Ozone is produced more easily above (he equator, and natural circulation 
causes the ozooe to move towards the two poles where the lower lempcraturcs 
encourage higher concemtalions. Sifflilat cydic cbasiges occur io (he seasons 
of Ibe year, causing the ozoik layer at the poles to be thicker in winter for 
example E>ue to this continuous reaction io the stratosphere, ultraviolet light 
from the sun is being absorbed is the process thus partially shielding the 
earth from the sun's harmful radiatian. 

A second way in which ozone is destroyed is in combination with certain 
reactive atoms, or free radicals, such as H. OH, NO, and □; such reactions 
are catalytic which means that (be reactive atoms are not consumed. The CFCs 
and other chlorine-based compounds in the stratosphere ire decomposed by 
the intense solar radiation: (he chlorine atoms (ben enter into a analytic chain 
reaction, possibly with OH and NO radicala to form HO, NOz, and eventually 
GNO>. consuming ozone in (be process. The HO acts as a umponry sink 
for the chlorine aiomi before it descends to the troposphere (the layer between 
(be earth's surface and the sintospherc), and then as rain. By this chain reaction 
one atom of chlorine it able to ttolroy ihousattds of ozone molecules. 

Sources of chlorine in (be atmo s pher e include CPCs from refrigeration plant, 
from aerocols where they eie used at a propellant, and from foam blowing for 
insulation materials. Other major sources ate carbon tetrachloride used for 
making CFCs, rubber, and paints, and for cleaning and firc-fighling: halons 
used for fire-fighling: methyl chloroform and other solveots used for cleaning; 
methyl chloride geoerated by seaweed and burning wood. All of these 
compounds are stable under normal temperatures and therefore eventually rise 
into (he stratosphere. 
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la the Aaiarctic the ozone depletioa is greater than in the Arctic. This is 
because of the unique wiaier condiiioDS made considerably worse by the strong 
winds (known as the roaring fortiesk which lend to isolate the air over the 
polar regioa. The intense coM leads to the formation of ice crystal clouds 
providing a surface which helps to accelerate the chemical reactions. An 
additional reaaioo occurs in which HO and ONOs react to form KNOj and 
chlorine atoms, the latter then re-entering the ozone destruction cycle. 

The breakdown of CFCs and other chlorine-based compounds in the 
stratosphere occurs mote readily in the low winter temperatures at the poles 
(down to -S0*Ck creating fiee chlorine atoms. In the spring, when the sun 
rclunu, the chain reaction teceleraiet and the destruction of ozone begins again. 

There is therefore a natural cyde whicb is as old as the earth itself; ozone, 
produced more readily at the equator where the sunlight is more intense, 
drculates naturally to the poks where it eventually breaks down as described 
above. It is estimated that 300 million tonnes of ozone ait created and destroyed 
each day. 

In (he mid-1980s ■nstrvmesis (or measuring ozone concenttaiions were 
becoming mote accurate and anf^neTrends Panel was formed to co-ordinate 
measurements: instruments in saielliies were used to supplement measurements 
taken by ground instruments such as those used by the British Antarctic Survey. 
It was found that the natural annual cyclic thinning of the ozone layer over 
the Anlarclic appeared to be increasing and a hole' had been created. This 
eatreme thinning of the ozooe layer has now moved over parts of Australia 
causing fears of skin cancer due to iecreased intensities of ullravio!e(-B from 
the sun's rays. An account of the problem of the measurement of the ozooe 
layer and its depletion is given in reference 14.7, 

The Montreal protocol 

The United Nations through Us Environment Programme persuaded many 
nations to sign what has bmme known as the Vienna Convention, a treaty 
specifically intended to control the production of substances known to be 
depleting the ozone layer. The Montreal protocol to this treaty in 1987 outimes 
the means for achieving certain limits to production of particular subilancei 
At this stage individual compounds were illocaled an uruite depltiton potential 
(ODP): this It a measure of the possible eflect on the ozone layer of the release 
ofehlorine from the compound. Table 14.3 lists some common compounds with 
their ODP. and abo their greenhouse potential (see Ch. 13), relative to Rll. 

TVaim of the protocol is to tchievci phased reduction of compounds, but 
the rale of reduction is subject to continuous review. In 1990 it was agreed (hut 
CFCs should be phased out by tbe year 2000 vriih interim cuts of 30% of the 
1986 production taking place by I99S. and S7% of (he 1986 production taking 
place by 1997. At the same lime the ban was esiended to halons and carbon 
tetrachloride by (be tame dale of2000, although CFCs and baton would continue 
to beallowed in esseniialmedicalan’Iicatlons. and aircraft fire-fighting. In 1992 
it WES discovered that (he ihioning of the ozooe layer over the Arctic had 
become much more significant ihanctpccied, presenlinga threat to the Northern 
Hemisphere of increased cancers of (he eye and skin. The USA immediately 
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TtH«l4J Ozou 
depletion potential 
lODP). and greeahouae 
potential for certain 
lefngeranu 
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Cretnhouae 

lUJM 

foemula 

Denfutiofi 

ODP 

poieniiai 

TrKhloroSiioro* 

methane 

ca,F 

Rll 

100 

i£0 

DicblorodUltforo* 

methane 

ChlorodUlunro- 

RI2 

1 00 

3.10 

ca.F, 

methane 

Dich1orQirifluor»< 

CHOP, 

X23 

0.05 

037 

ethane 

TemfluocO' 

oiajF, 

RI2] 

0.02 

002 

ethane 

CH.FCF, 

RI34a 

0 

037 

Ammonia 

HH, 

R7I7 

0 

0 


brou^i fonrud the phasing out oT CFCt to the end of 1995; Gettnany. 
Deotnark. and TIk Netberlafidi had previously brought forward the phasing 
out to the begiruiing of 199S. At the same lime, chemical manufaciurer ICI 
announced that it would cease all production of CFCs in 1995 and would stop 
production in the UK in 1993; this was followed by an announcement by the 
UK Covemmeat ofa phasing out by the end of I99S. The European Commission 
then called upon member nations to slop all CFC production by the end of 1995. 

Also under the Mooueal protocol, methyl chloroform is to be banned by 
2005 with a cut of 70% by the year 2000. HCFCs.such as R22, are not covered 
by the protocol at present, although they may be phased out possibly by 2020 
or at (he latest by 2040. Chemical manufacturer Du Pont has announc^ (hat 
it will cease production d R22 for new machines by 2005 although it will 
continue to produce it for eaisting equipment until 2020. Therefore HCFCs are 
at best a short-term replaeemeal for CFCs. The problem of developing countries 
has been recognized by Ibe creation of a special fund to help them adapt to 
the chan^ needed; this bis enabled India and China to sign the protocol. 

The position on the use of all types of CFCs is continually changing as 
sdentific measurements of Ibe ozone layer arc unproved and updated. More 
and more pressure is being put ou the iuientaiioDal community through internal 
conferences on the environment; agreements to phase out vaiious subsiancn 
arc being modified with dates being continually brought forward as the worry 
over the efTccls of holes in the ozone layer increases. 

Tbe air-condiiioniog industry has now ^ased out Ibe use of Rl I and 1112 
and has moved over to the use ol R22 as a short-term solution. A new HCFC 
refrigerant. RI23, which WBseapected to replace Rll in centrifugal chillers, has 
r ec en tly been discovered to be a carcinogen when present in the atmosphere 
above certain limits, causing eiuenie doubts about Its future use. The rerrigerini 
RI34a, teiranuoroeihane. CH,FCF„ produced by ICI as KLEA I34a. U 
described by ICI as a hydroRuoroalkane. HFA; it contains no chlorine aloms 
and hence has a zero ODP. Suitable lubricants have been found for R134a and 
at present it appears Co be Ibe best replacement refrigerant for CFCs and. in 
(he long term. HCFCs Ammonia, which is an ideal refrigerant for most 
applications, is argued by many as a good long-term solution to (he replacement 
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of CFCs and KCFCs; its toxicity is the main disadvantage, but secondary, or 
even tertiary, coolant systems can overcome (his problem by confining the risk 
(0 8 well-vestilated plant room, preferably situated on the roof of (he building; 
modem instrumentarioo can provide efficient deicctlon and naming systems. 

In the manufacture, cominissioning, maintenance and decommissioning of 
rerrigeratioD pUnl it is estimated that approximately >20 tonnes of re/rigeranl 
are lost to (he atmosphere each year tn the UK. Tbis is a very high figure which 
could be substaniially reduced by better handling practices. The Healing and 
Ventilation Coniraciora Assodailon IHVCA) has called for mandatory rules 
and kcences tor the recovery and recycling of refrigerants, but to date IIV92) 
the Covernmetil has not responded by introducing the necessary legislation. 
Other countries have not been so slow to react to the problem; tor example, 
in Sweden a code has been introduced which lays down muinlcnanee procedures 
and stipulates that special permits are required for refrigerant retrieval: permit 
holders must also ensure that their operatives are trained to a specified high 
level in refrigeration engineering Refrigerants, unlike solvents, fire-fighting fluid, 
or aerosol gases, are only a threat to the ozone layer when they are not contained 
safely within the Rfrigeralioii plant: skilled mainicnanct fillers should be able 
to keep leakage dowo to a minimum kvcL. and obsefeie plant should be returned 
to approved centres so that the refrigerant can be recycled. 


14.12 Control of rofrigorating capacity 

The refrigerating load is seldom constant and the refrigerator must be controlled 
to meet (be detnaod. It is desirable that automatic controls should be available 
and small refrigerating planls are operated on the on-off principle. The control 
in larger plants is obtained by regulating the mass Sow of the refrigerant. This 
can be done by means of a manual speed eontrol on the compressor, but this 
is uneconomical and inconvcDicnt. 

With the auiomalic on-off device a metal bellows, charged with a volatile 
liquid, is connecied to a temperature-sensitive dement which is located at the 

evaporator coil. An increasing temperature at the evaporilor causes the 
temperature and therefore the pressure in the bellows to increase. The bellows 
expand and the end of the bdlows operates t switch which closes the compressor 
motor circuit. A decreasing temperature in (he evaporator produces the reverse 
effect. 

In a muhicylinder reciprocating compressor the capacity can be conirolled 
by regulating the number of cylinders which are effective at any time. When a 
reduction In refrigeranl flow is requited the suction valves of one or more 
cylinders are held open by a hydraulically operated mechanism. The control 
also applies for starting casvdilions when all suction valves are held open. The 
capacity of centrifugal compressors can be controlled by means of a speed 
control, but this involves expensive equipment There is a limit to the reduction 
in mass Row rale, which is determined by the surging characteristics of the 
compressor. With a constvn'.-speed machine, control can be achieved by the 


546 



n«frii 


M 


HMt Pump* 


14J An arereooia vppout^MnpnsBOA Kfrtftncini pltpt has a sifi|k>(iate« tlQflC'tctni 
redproe*iii 4 co ttp c tia or wtakft has a boce of 127 mm, a nroke al 1S2 men, and a speed 
of 240 rev/ftia. The pfOBun 'm ibe evapontor b 1.^ bar and that in Ibe cOBdanser 
is 13.99 bar. The vohiinetrk eflwcft cy of the compressor is 90% and its mechanical 
effidmey b 90%. The vapour is dry saiunud on leaving the rvaporaior and (he liquid 
leaves tbe condquer at 32 X. Calodace; 

(i) Ibe mass Dow of refrigeraisi; 

<n) ihe refrigenitiaf effect; 

(id) ibe power required to dtite the coot p e t s s or. 

(a.5k|/min: 9.01 kW; 2.74 kW) 


14.9 A cold scorage plant is used lo cool 9000 btrei of milk per hour from 27 to 4 *C, and 
the beat leakage into the plaot it estimaied to be 40 kW. The refrigerant uaed ii ammonia 
and tbe temperature required w the er^erator b -4*C. The compreesor delivery 
pressuu b i<X34 bar and tbe coodeiucr liquid b uadercooled to 24 'C before tbroiiling. 
The plant has a brioe drculatiog syvtea and tbe rme in temperature of the brine ie to 
be limited to 3 K. Assuming that the vapour b dry Mturaied on leaving tbe evaporator 
and that the compresaioo pr oceu u bentropic, calcuiaie; 

fi) tbe power input required taking the merhanicaJ eAdency of (be compressor as 90%: 
(ii) tbe swept volume of each cyboder of the iwm^linder, stogl^acting compresicr, 
for which the voluosetrk elBcseoey can be taken as 95% at a rotational spee d of 
20Q rev/oun; 

fin) (he rate al a^ikb the brine roust be drculated In litres per second. 

Far miiki spedSc beat eapadty. 3.77l:J/kg K: density. ]03Okg/a\ 

For brine: specific beat capacity. 193 kJ /hg K; density. 1190 kg/m 

(417 kW; 0.0157 n ^ 27.1 litres/s) 
14.7 A rcfrigerattoo plant raaoieg on R 134a operates between saturation temperatures of 0 
and 45 ”€ and has a refngeradoo capacity of I MW, The vapour is dry saturated at 
entry to the conprceior aod tl^re b no undercooling in (be condCMcr, Comprescioft 
takes place in a iwo-siagc eeotrifugal c o mpressor, each stage having the same pressure 
cado and pithalpy rbe. Takiog a slip lactor of unsiy and an overall iMBlropie eSicMOC)' 
for tbe eomprassor of 0.9, olculaia: 

(i) the coeSdeat of performance; 

(U) the required powq inpui; 

fiU) the diameter of the impeUer in each stage when the rotational speed b 
3000 rev/mio; 

(iv) tbe Aow area required et eompressor inlet when tbe asia) veloeiiy of the refrigeraai 
It inJet b 40 m/a 

(3.75; 266.5 kW; 0.843 m; 0.0086 ) 


14.1 A combined domestic unit serves Ihe dual purpose of cooling the kitchen larder and 
providing hoi water. The motor drivioi the compreesor operates for sppreximitely 
one*thifd of the day. end hne an eieciricai input of 0.225 kW, Tbe heat ioakege into the 
larder from the kitchen b 0.29 kW, Tbe meeheiucal eflka cn cy of the compreseor b 85% 
and the eompreeeioe process can be taken to be adiabeiic. All the heat rejected by the 
refrigerant b taken by the watq io the domestic hoi*waier tank, which b heated from 
10 to fi0*C Calculate Ibe amount oi bot water which can be supplied by thb plant io 
litres per hour. 

(6.08 l/h) 

14.8 It Is proposed to use e heal pusnp working on the ideal vapour*compression cycle for 
the purpose of beating the air supply to a buildutg The supply of heit is taken from s 
nver at 7 *C Air b requited to be delivered into the building at 1,013 bar and 32 *C at 
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t rate of CL5 m*/i. Tlte air h heaud 4C cotuunt pressure from 10*C *i it puses over 
the condenser coib cf ibe heal pump. TIk r e f rif e r s pi is R IHs which is dry spiuraied 
lesvieg the evapontot; these is no uiid«ooliD| io ibe condenser. A temperature 
diCferenCB of 17 K is necessary for the nnsfer of heat from the nver to the cefnperant 
in the evaporator. The ddivery pressure of the compressor is 11.545 bar. Calculate: 

(ij the mass Aow of rc&i|eraBU 

<ii) the motor power required to drive the compressor if the mechanical eflkieacy is b7%; 
(Di) the COP»,: 

(iv) the swept volume of ibe compressor which is siogleaciini and which rum at 
240 rev/Aifi with a vohimeiric efikieiKy of a5H. 

(0i)79k|/s; 3.26 kW; 3.92; 2277 cm^) 

14.10 fa} An aamoaia refrigerator operaiea between evaporatiaiaod eopdenaing temperatures 
of ' I6 asd 50*C. Tte vapour is dry tacuraied at the compressor inlet and there li no 
uodereooUng of the coedensatw CaktiUte: 

(i) the refrtgentiiii effect; 

(ii) the diass flow rate per kilowatt of refrigeration opacity; 

(iiij the power Input per kilewait of nfrigeriiion apedey; 

(Iv) tbeCOP^. 

(b) Ip the plant of pan (a) a flash chamber b biirodueed with an inieniage pressure 
of 5.346 bar. Recalculate pans (m) and (iv)lbr this amofement 

(1003A U /kg; 3.59 kg/ h; OJ 3 B kW; 2.96; 0.5t 3 kW; 3.19) 

14.11 A vapour>CDfppfesion rtfhgcratioo plam using R1344 operates with a compressor 
suction pressure and temperatuce of 1005 bar and -10 'C The condmur pressure is 
7.675 bar and there is no vndercooliAg of the coodensate. CompressioD tako place in 
two stages, and the condensate is tbroukd tnio a dash chamber at 4,139 bar from which 
dr) Miurmted vapour is drawn off to mix with the rdrigeriRi frora tbe LP compressor 
before entry U> Uk HP compressor. Tbe bquid from the flash chamber is throttled into 
(he evaporator. Assunuag iseDtrojNC cooipresaioo in both coiDpressors and neglecting 
all losses, cateulaie: 

(i) the coeffideat of perfonnaAce of the plaoi; 

fd) the mass flow rate of refrigeraiu Id the evaporator when the power Input to tbe plant 
is 100 kW. 

(5.93:3.36 kg/sj 

14.13 A vapour^absorption cyde usmg Uibivm bromide-waier soluiioo opersim between 
pressures of 001 and 005 bar. The rcfrigertiioo capacity ii 150 kW. the temperature in 
the geoerator is 70*C. aod tbe temperature ia the absorber ii 25 *C. Tlie steam entering 
the absorber is dry saturated and tbeie is no undercooling in the condenser. The solution 
may be taken to be satureted at edi from both the generator and absorber; a heat 
exchanger iraasfen beat from (be weak solutioo leaving the generator to the sirong 
solutioa pumped from the absorber such that tbe solution entenng the generator is 
saturated at (he generator temperature. Assuming that the specific enthalpy of 
superheated steam is approximatdy equal lo (be tpeafle enthalpy of saiurated steam 
at the same temperature, lod n^ecting pressure losses, heat losses, and pump work, 
calculate: 

(1) the mass flow rate of refrigerant through the evaporator and condenser: 

(d) the heat supplied in (be geoentoc. 

(IH) the heat rejected in the absorber: 

fiv) the spcciBc enthalpy of the solutioii entering the absorber; 

Iv) (be heat to be supplkd io the generator d the heat eschaager Is not used 

(a063l3k|/s; 161.07 kW; 153.96 kW; -216.1 kJ/kg; 204.64 kW| 
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14.19 An air refriierauon operates «itb a ctnirifufsl compressor and an air lurbioe 
awuflied coaiiaQy rod) that ibe po»tr ootpot ct ibe turbine eonthbuiea to the work 
itqutrad to drtve the cooip»oc. The impenture of the air at ibe conpresaor iiUet ii 
15 *C and tbe pressure niio is 2S The ak during its paisage from the compressor to 
Utf turtxoe paaes throogh an ntercooler and eoim tbe turbine at 40*C The eold space 
lemperaiure is required to be maintaioed at I5*C Taking the tsenircpic efficiency et 
both fi owp if or and (arbine to be 04%. and the mechanical eAeieney of the 
lurbtse-eoapceaior drive as 90%. eakulatc: 
fi) tbe tafngeraiuif cfleci; 

(at Ibe mass flow rale per kitowart of refrigeration capadiy: 

(iii) the driving power required per kilowatt Of lefngeraijon capadty. 

<35.74 U/kg^ l.6?9kg/min;t.5l2kW) 

1414 In ao aircrab cefrigerauon unit air is Med from tbe engine compressor at 3 5 bar and 
370*C aod is ihroogb aa air^oeded heat uchanger. The refrigeraot air bleed 

leaves the esdtanger at 3.5 bar and 75 *C and is expanded ihrough a turbine to 0.76 bar. 
Tlw iseatropic cflkseacy of tbe inrbiae it 85%, The air is then delivered to the aircraft 
obin and kam the aireraft at Id’C Cakulaie. 

(i) tbe ndrigerating eftsci; 

(n> tbe power devdopod by the air turbine per imit mass Row rate. 

(45.8 kJ/kg; 105.! kW per kg/s) 
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Psychrometry and 
Air-conditioning 


Mixtures of lir umJ wai«r vapour are considered in Chapter 6; in this chapter 
moist aimospherk air (ie. a mixture o( dry air and water vapouri is introduced 
as a separate topic. 

It is often necessary to provide a controlled atmosphere in buildings where 
industrial processes are to be carried out or to provide airKonditioning in 
private and public buildings. 71 k properties of atmospheric air have to be 
considered in these problems, and this b a subject which is receiving an increasing 
amount of attention and application. Another to^c which will be considered 
is ibai of the cooling tower by coeans of which large quantities of cooling water 
are cooled for recirculation. These lopio come under the tide of psychrometry 
(someiioKS called hygromeiry). 


15.1 Psychrometric mixtures 

In section 6.6 the etnporaiioo of nlcr into an evacuated space or into a volume 
occupied by a gas is descrihed. Before the saturated eemdiiion is reached the 
vapourolsis in the miiiure asa superheated vapour. At the saturation condition 
the partial pressure of the vapour can be obuioed from steam tables as that 
pressure corresponding to the temperature of the mixtute. If the space or gas 
is not saturated at a partieuJar temperature, then the partial pressure of the 
vapour will be less than the saiuralion pressure corresponding to Ihul 
temperature. 

Consider aimosphenc air at 1.01} bar and IS *CThe saturation pressure of 
water vapour corresponding to IS*C Is 0.01704 bar. Uoless the water vapour 
is in contact with its liquid it will not be saturated, and its pressure will be 
below the saturation value of 0.01704 bar. In normal applications the 
atmosphere is well removed from (he saturated condition. At such low vapour 
pressuresthe vapour can be considered to act as 8 perfect gas. and the properties 
of the mixture can be found using the Gibbs-Dallon law. The properties of 
the mixture depend on its piessuce and lempciBlurc. and arc determined for a 
particular stale with refeceoce to the properties of saturated vapour. 
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Assume lhat m a quanlily of aimosohenc air the vapour pressure is 
0.01 bar at IS‘C and the total pressure is I.ODbar. Ktom equation (6.2| 
P-P. + P. 

uhcre p, is the partial pressure of Ihe dry air, and p, the partial pressure of the 
superheated vapour. 

p.>p-p,> I.OI3-aOI n 1.003 bar 

The saturation temperature corresponding to 0.01 bar is 7‘C, hence the 
vapour in alinospheric air under these conditions has a degree of superheat of 
1 15 - 7) - 8 K. Thn state is indicated by point I on a T-s diagtam in Fig 
13.1. Suppose a metal beaker containing water is placed in this atmosphere, 
and the water» progressively cookd by adding ke. Ai a particular lemperalure 
of Ihe water it will be noticed ihalcondensaiion begins to appear on ihe ouuide 
surface of the hcakcr. The vapour in contact with the beaker has been cooled 
at constant pressure to 7’C. as indicated by point 2 in Fig IS.I. This is the 
condition of satura^ioiL and further cooling causes condensation of the water 
vapour. This lemperatutc is called the dew pmnr of the mixture, and it is Ihe 
temperature to whkb an unsaturated mixture must be cooled in order to become 
just saturated. The dew point temperature is denoted by I 4 . 


Fig, 15.1 r-s diagram 
for supeibraicd water 
vapour m atmospheric 
air 



If a room is warm and the outside atmosphere is cold, (heti a window may 
produce condensation on its inside surftice. A person wearing spectacles entering 
a warm room after a time spent in a coM atmosphere very often finds the 
vapour in Ihe air condensing on the lenses as the vapour is cooled to its dew 
point. Condensation is noticed on cold-water pipes which are situated in an 
atmosphere which is at a higher lemperatutc and which is sufTicienlly humid. 

15.2 Specific humidity, relative humidity, and percaiatage 
saturation 

The tptcijic kuimdiiy lor moiaurt cmtitni\ b the ratio of Ihe mass of water 
vapour to (he mass of dry air in a given volume of the mixture, and is denoted 
by (he symbol uk 
"t. 

i.e. «i = — 


(15,II 



1U Specific hwmitfity. r«l«tlv« humidity. Md puretntjpu Mturation 

Fif. 15J Cooling coil 

for EKunpIt 15.2 



From equation 6.2. p, • p - p». therefore 

p, - 1^13 25 - aOU 616 > 1.0016? (nr 


10» » 1.0016} K 0.5 
10’ X 0Jt7 X 290 ' 


0.6017 kg/t 


Tb« Riau flow rale ol air it consiant throughout (be process. 

From equaiios (IS.I),u>- cuhas been determined as 0.007 213, 

therefore 

A,, .1X007213 X A. 

Alter passisg (be cooling cod, ^ - I, since (be air is saturated. From 
ec^uatioD (I3AX p.^p. for this coirdilioo, and at 6‘C. p^ . 0.009 346 bar, 
Iheterore. from equation (I5J) 

<u.-0.622 x(. UO.OOS79 

\I.0I323-0.0093467 


A., .0.003 79 X A. 


Matsolcondeosate A,, .(a0072l3 -O.OOS79) x A, 

• 0.001423 X 06017 x 3600 - 3.082 kg/h 



FigldJ Wet and dry 
bulb psyehrom.ler 


Meaturemant of ralativa humiditv 

An instrunieot used to tneaiurt relative humidity it called a psyehromeler, or 
a hygrometer. A simple psyehromeler has been referred to in section 13.1 (i.e. 
by determining (be dew point using a metal beaker of water which is cooledX 
Another method u by (be deierminabon of wet tod dry buJb temperatures. 
The principle is illustrate in Fig. 15.3. Two Ihermomcien situated in a stream 
ol unsatucaled air are separated by a radltlion screen. One of them indicates 
(be air temperature and is called (be dry bulb thermometer. The bulb ol (he 
second is surrounded by a wick which dips into a small reservoir of water and 
(he temperature indicated is called the wet bulb (emperaiurt. As the air stream 
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passes the wet wick, some oi the water e>aporaies and this produces a cooling 
elTect at the bulb. Heat is traosferred from the air to the wick and an equilibrium 
condition is reached at which the wet bulb indicates a lower temperature than 
the dry bulb. The amount of this hw hulh depression depends on the relative 
humidity of the air. If the telatise humidity is low. then ihe rate of evaporation 
at Ihe wick is high, and hence the wet bulb depression is high. 

The instrument may be made for use in stationary air. but salisfactory results 
are obtained only when the air vdocily past the bulbs is between 1.85 and 
40m/a. Over this range the results ate fairly constant and enable the relative 
humidliy to be calculaied from the temperatures obtained The air current can 
be produced by a small fan driving Ihe air over the thermometer bulbs, or by 
mounting Ibe thermometers on a frame whKh is whirled round by hand. This 
latter instrument is called a sling psyrAromrier. Another portable instrument 
has a fan which has a battery or clockwork drive. The wet and dry bulb 
temperatures are measured by Ihermocouplcs and read off an indicator. The 
advantages claimed are compactness and rapid response. The specifications for 
hygrometers are given in reference IS.}. 

Instruments are available which will give a continuous reading of humidity 
in the form of an electrical signal which may then be used as part of a control 
system. A common form of sensor is a thin polymer film which absorbs and 
desorbs moisture thus changiiig the dielectric constant and hence the 
capacitance. By nwasuring temperature and humidity simultaneously the 
enthalpy can be obtained and hence used as the conlro). This type of approach 
has bera made possible using microprocessors which convert the readings from 
the sensors dirmly into relative buoudity and/or cnthalpyi caUbretjon of the 
sensois against wel and dry bulb, or dew point, standard instruments can be 
programmed into the inslniment. 

A more accurate type of instnunent uses an opto-eleclronic detection of 
vapour condensation on an electrically diilled solid gold mirror; the cbiUing is 
done using a therrooelectrK solid-suite device. 


Ptychrometric chart 

The properties of moist air can be obuined from tables (reference 15.1). but 
Ihe spedfle humidity and percentage satumtion are most conveniently obtained 
from a ptychromeiric chairt A reduced size copy of (he CIBSE chart is shown 
in Fig. 15.4. An ordinate is erected at Ihe known dry bulb temperature and the 
point of intersection between it and the diagonal line representing the known 
wet bulb temperature is found. The percentage saturation is then found from 
the eurve of constant percentage saturation which passes through this point. 
The specific humidity is read off the ordinate scale is kJograms of vapour pet 
kilogram of dry air. The enthalpy of tbe muiure in kilojoules per kilogram of 
dry air can be read off the diagonal scale of specific enthalpy. The zero specific 
enthalpy for the vapour is always taken at 0*C For (he dry air the zero tor 
specific enthalpy is also taken at O’C 
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F(oin equUon (I5J1, 




ft622p. 


CoDibisiDg this with equtioo (ISJ). wc have 


lOOtu _ lOOuHp - p.) 

ctf| 0 . 622 g^ 


(15.7) 


For a given baromelric pressure, p, the percentage uiurailon is a (unction 
of 0 ) and p,. Also p, corresponds to the dry bulb lemperalure, t. The chan is 
prepared for a given baromelric pressure and <j and h are (he independent 
variables; values are accurate for aU practknl purposes for barometric pressures 
in the range 0.95-1.05 bar. 


15.3 Specific enthalpy, apeeific heat capacity, and specific 
velume of moist air 

Specific enthalpy of moiet air 

The enthalpy of a rotxlure is the sum uf the enthalpies of (he individual 
constituents (see equation (6.6)h 

ie. + 

where m is the mass of inixture. h the enlhaipy of mixture per unit mass of 
mixture m, the mass of dry air in (be mixture, h, the enthalpy of dry air per 
unit mass of dry air, la, the mass of water vapour in the mixture, and h, the 
enthalpy of water vapour per unit mass of water vapour. Therefore 

Enthalpy of mixture per unit mass of dry air amit/in. 

m. 

a A. + niA, 

At low partial pressures the spcciAcenihtlpy of we ter vapour can be expressed 

IS 

A, a (A, It p,) + e.,(t - r, at p,) (I5.8) 

where (he mean speciAc heal of supetheaied water vapour, may be lahen 
asaniroiimatcly I.BKU/hgK. 

Since the specific enthalpy of a vapour from steam tables is expressed above 
a datum of approximately O'C then the specilic enthalpy of dry air in the 
mixture it also expressed above ibe same datum. 

le. A.-c..t (15.9) 

where (he specific beat capsdly of dry air, c... may he (aten as lJXI5kJ/kgK. 
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Then 

Enthalpy of mixiure per uoii mass of dry ait 
“<^'+{<*••' 

It nn be ihown thei over (be icmperature ranfc encouniered in 
aic-condiliooiiic the tens ((ii, at at p,)} may be taken aa a 

conaiant, C. Therefore we can write 
Enthalpy of mialure per unit masi of dry air 

-e^t + o)(C + c^«) (15.10) 

where C • 2500 ki/k». 

Allematireiy, since for low preautes the enthalpy of superheated vapour it 
approximately equal to the saturation value at the same itmptraiurt. then we 
have 

Enthalpy of mixtiue per unit mass of dry air 

-e„t + a)(h, at i) (15.11) 

where • 1.005 kJ/ki K. as before. 

Accurate values of the enthalpy of a mutture per unit mass of dry air are 
gives by CIBSE (tefereoce 151^ For eximfde at S‘C and (UwO.002820, 
h - IZII kJ/kg dry ait. 

From equaboD (15.10) 

h- 1.005 X 5 + OJ]0282{2500 + (1.88 x 5)} = 1210kJ/kg dry air 
From equation (15.11) 

ha 1.005 X 5 + 1000282 x 2509.9) - IXIOkJ/kg dry air 

Similarly, at 30*C and a> - 0f)l420, h - 00.48 kJ/kg dry air. 

From equation (15.10) 

h- 1X105 x 30 +a0l42(2500 +(1.88 x»)) 

- 00.45 U/kg dry air. 

From equation (15,11) 

h a 1.005 X 30 + (a0I42 x 2555.7) 
a00.44kJ/kg dry nir. 

It can be seen that the error Is negligiUe over a wide temperature range for 
both equaiioiis (15.10) attd (1111). Equation (15.11) is easier to use than 
equation (15.10) except (or cases where the lempeTaiuic,t, it the unknown term. 


Spaeific heat capacity of moist air 

Assuming that tbe superheated water vapour acts as a perfect gas, then using 
equation (6.19). 
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SpedfK best capacity of mixture per unit mass of mixture: 


m m 

Tbeo 

Specifk beat capadiy of mixture per unit mass of dry air. is given by 

+ (15-12) 

vrbere • 1.00} U/k| K. tod - l.tS U/kg K. ai bcfare. 


Specific volume 

Since tbe enthalpy of the mlilure is expressed per unit mass of dry sir it is 
convenient to use the spedGc volume of the dry sir. Therefore when the volume 
flow of the ml Sturt is known the cate of mass Bow ^dry air can be found directly, 

JLT 

ie. Specific volume fd dry air. «- 


1*. = - (15,13) 

c. 

The specific volume of diy air b plotted on the psychromelric chart. By 
refeteoce to the chan it may he noted that over the normal range of room 
lempertiuret and humidilkt tbe deosily eipresscd as kilogrami dry air per 
cubic meitc of mixture b approiimtuly 1.2 (ie. r, • 1/1.2 •O.S33m’/kg dry 
ait); thu b a useful approxunatioa for many practical problems. 


16.4 Air-conditioning systems 

In the UK air-conditioning buMd mainly for industrial purpowe and to supply 
a controlled almoiphere to public buildinp sudi as ofllces, cinemas, halls, etc. 
In tropical and luMropical countries cooling by meens of air-conditioning u 
a necessary feature of modem developmeoL 
The foliowing classiAcation of alc-condiiiooing systems may be made: 

(■I Cunnmlicnnl; tbe air u processed to a cenlml plant and is distributed to 
the cooditioiied ipeces via ducta. 

(b) Terminal reheat: air Supply to the uuits in the room b from ducting as in 
|a| and provitke the cooling and dehumidificalion load: the units in the 
room, provided with water coils, supply the necessary reheat. 
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(c) Induction: similar lo (bl bul only a small quaoiiiy oT primary conditioned 
air is supplied lo each unit in the rooms where it eipands through nozzles 
thus Inducing a large volunie of sectmdary room air into the unit; the 
secondary air passes over a eoil before mixing with ihe primary air, the 
mixture then being delivered lo the room. 

(d) Fan^cit: air is drawn from the room and from outside (he building into 
Ihe room uniis and passed over coils as necessary, the coils carrying chilled 
or hot water supplied from a central plant. 

(el Dual-duel: twin ducts of high-velociiy air. one with hot air the other with 
cold air. are supplied lo room units from a central plant as in (a)t mixing 
at the units gives the required condiiioD of the room air. 

(f) yarlable air rohime (VAV); a high.vetocily flow of cooled air is supplied 
in a single duct and the change of load is met by varying the air volume 
while maintaining (he same supply temperature; winter conditions can be 
catered for using a terminal reheat unit as |b) or by adding a second duct 
carrying hot air with a mixing box as in (e) or by providing a perimeter 
system of LP hot-water heating. 

Ig) Panel air syuems: chilled water is dreuiated through radiant ceiling panels 
at a temperature above the room dew point 
(h) Integrajid eniroamenlol design: this is an aU-embradng term to cover 
complex systems incorporating some of (he features described above, but 
with the emphasis on energy recovery, incorporating airflow through 
luminaires, the use of thermal wheels, and air-to-air or air-lo-water heat 
pumps. 

References 15.4 and 15.5 should be consulted for a more detailed discussion. 


Summar air-conditioning 

The air-conditioning load on a room or space may be considered in two pans: 
the sensible heat load which is defined as the energy added per unit time which 
increases the dry bulb temperature; and the latent heal load which is defined 
as Ihe energy added per unit lime due lo the enthalpy of the moisture added 
plus the heat required lo evaporate the moisture added. 

The sensible heat gains arc due to heat transfer through the fabric, including 
solar radiation, |dua inlental pins from people, lighting machinery, etc. The 
Itlent heal gains are mainly due to the occupants of the room. 

Rgure 15.5 shows a lypten] room condition line on Ihe psychrometric chan; 
point I represents the moist air from the air-conditioning plant enleiing the 
room: point 2 represents (be moist air leaving the room. It may be assumed 
that Ihe air at state 2 b at the desip conditions for the room. 

Point X is such (hat 

rox * utx and (j » 

Sensible heal load - ~ Ai)~ tfitC^fr, -1,) 

Or using equation (15.12), 

Sensiblebeatload-ili.(c^-l-aK^Mti-(i) IlS-M) 
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Fig. 15J Typical room 
condiUon lil^e on a 
piychromcifk chart 



Abo 

LalcDl bud load ■ — Ax) 

Or using equation(15.11) wiih i, -six 

Laieni heal load S9i«^(<u2 —u,XA, ai r,) (IS.)5) 

Total hut load = sensiUe hut load + latent but load 

-ib.(Aj-M (15.16) 

The room ratio tint 1-2 is ^ 1*60 by 
Ax — A, sensiblebulload 
A]-A, lolalbulload 

where, for uro latent hut load the ratio is unity and the line on the chan is 
horuootal. and for aero sensible but load the ratio is zero and the line is 
vertical. The ratio of sensible but load to total hut load, and hence the slope 
of (he room conditioa line on the ebart, is given by a protractor in the lop 
left-hand corner of the chart (sn Fig 15.4^ A more detailed description of the 
chart construction and the room ratio line is given in reference 15.5. 

Note: the use of ibe term 'hut gain' is contrary to the accepted 
ihennodynamic defimlion of hut as a transitory form of energy; also, the term 
'latest hut' has sow been re^aced by 'specific enthalpy of vaporization'. The 
terms 'wnsible hut gain' and 'latent hut gain* are iiill used estensively in the 
building services industry in the UK and therefore will be used in this book. 

A typial conventional air-conditioning system is shown diagrammaiially 
in Fig 15.6(ak Some of Ibe air is cedreulaied and mised with a quantity of 
fresh air. Assuming adiabatic mixing we have 

r*j + (I - r)A, » Ax 

where r is the mass flow of dry recirculated air per unit mass flow of dry air 
supplied to (be room. Therefore 

As - *4 
Aj - A, 
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<•1 

FI|. lU Summer 
eir-eondiiioning 

lyuem (si with (lie A ituss tnlaoct of Ihe oioisIuR gives 
processes on s 

pijchromeinc chan (bl rsoj + (I - r)ai, - «u, 

ihcrefore 


itn 


^ w, - m, 

A3 — 103 — 404 lioe 3-4 

fcj — A, 103 —oij lincj —2 


(15.171 


Hence poini 4 can be Axed by prnponioo along the line 3-2 on Hg. 15.6(b) 
when r is known. 

In tbe cooling coil the aii undergoes sensiUe cooling and debumidilicaliDn. 
Point A in Pig. 15.61b) b called Ibe opparomi dew pol«. Tbe moist air leaving 
the coil is at some intermediate slate 5, and points $ and A would only coincide 
if the coil surface were inAitilcly targe. 

To define the efficiency of llw cooler a term is introduced as follows: 

Coil bypass factor ~ * (15.18) 

lioe4-A 


Tbit is soiDCtimes defined in terms of a conlael factor 


Contact factor 


Ui»e4 5 
Iine4-A 


(IJ.I9) 


Dehumidifimtion may also be achieved by passtng the air through a spray 
cooler supplied with chilled water. The apparatus dew point is then the water 
temperature. In this case Ihe contact factor given by equation 115.19) is usually 
renamed tbe spray cooler, or washer, efficiency and is expressed as a percentage. 

The actual condition line of the moist air in both a coil type and a spray-type 
cooler is not straight on Ihe psychromelric chart; Ihe exact path can be plulted 
using (he theory of combined heal and mass transfer (see reference 15.5). 

The reheat coil provides sensible heating of (be air to bring the air intake 
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and ct»,-a00517- 

Alao, using equitioo <15.14) 

Sensible heat load - m,(e„ + ci),c„H(i - t|) 
therefore 

SOW. A,(I.OOS+ l.«8o>,)(IS- 10) 


and ■ 


104+ IS.04(v, 


SubililuUng from (b) iitlo (a) 

0^368 

oi, -O.OOSI7--^^(1(M + I3.04w,| 


0)1 - 0.00479 

Substituting hi (b) 

m, - 6164 tg/s 
From equation (1S.3) 

p., a00479 _^ 

P., 0-622 


t-a0O77 Iherelbrep., - IXOSSl 


I.OOSJlxlO* , , 

*’-• 287 x 283 


Le. Volume flow rau of supply air - —- 498m*/s 

Using equation <IS.7). 

100 x 0.00479(li)l32J-0.01227) 

0622 x 0.01227 

in. Percentage saturation of supply air > 6Z8% 

This problem can be solved very quickly, if less accurately, using the 
psychroinetiic chan. Point 2 can be located on the chan from the information 
given, then we have 

Sensible heat load SOOO 
Totalbealload 5600 


see 
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Exampla 16.5 


Soluliotf 


Thra by meisuremefii from the chan 
Line 1-2- 7.9001 


Une 9-2 • 0262 x 7.9 - 2.07 mm 


Hcdcc poial 9 can be located on the line I -2. 
From ibe chart 


()-l9d’C and percemafe uiutalion - 48% 

llcasbeiceDEr<HDequalion(l9.l7) that the enthalpies and ipecifie humiditiei 
are in proportion to the lengths on (he line 1-1 This is approiimaiely tnte 
also for the dry bulb temperature. 


line 9-2 
KiieI -2 


0262 


therefore 


(,sU-0262|l8-l)-l9.6‘C 

This is only approxiinatety (rue since the dry bulb t em perature lioes are not 
esactly vertical In coascructiag the chart the dry bulb line at 30 °C is made 
vertical and hence all the other dry bulb Unes have a slight slope to the vertical 
(see reference 1S.51 


An air.conditionsng plant is designed to maintain a room at a condition of 
20'C dry bulb and speofic humidity 01X179 when the outside condition it 
90‘C dry bulb and 40V> pctceouge saturation and (be corresponding heat 
gains are 18000 W (sensible), and 9600 W (latent). The supply air contains 
one-tbird outside air by mast and thesupidy temperature is to be 19 °C dry 
bulb. 

Tbe plant consists of a mising chamber for fresh and recirculated air, an 
air washer with chilled spray water with an efficiency of 80%, an after heater 
battery and supply (an. 

Neglecting temperature changes in Can and ducting, calculate: 

(i) (he mass flow rate of supply air necessary: 

(ii) tbe specific humidity of the supply air: 

(Ui) (he cooling duty of tbe washer: 

(iv) the hesiiof duty of the after heater. 

Use thepsychromelricchan assuming the barometric pressure is 1.01929 bir. 

The plant is shown in Fi^ 19.9(a) and the processes are shown on (he chart 
in Fig 19.9(bl Points 2 and 9 can be (iaed since the conditions are known. 
Fresh air is to be one-third by mass oS the total air to the room, hence point 4 
is hied one-third o! (he way front 2 to 9. 

Sensible heat toad 18000 
Totalhealload ~ UOOO-t-9600* 
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Fig. lU Summer 
eJr<ofidltjoamg pUAl 
|i) and peycbronetric 
diw for 
Eitmple l5.S|b) 


Uiio| ibe diart prolnaoc a lioe of dope (LS33 a drawn from point 2 and 
where il cuts ibe dry bulb line of 15 *C gives point 1. Neglecting the fan wor): 
then poisu 6 and 1 are coincideaL 

The wasbet eflicieiicy b 80K and point 5 mun lie on tbe bohzootnl line 
through point 1 since there is no change in moblure content across the beater, 


Line 4-5 
Lioe4-A 


08 


or- — or- _ _ - for- — or, 1 

’-ids therefore or,, ■ 0)4 —' * " 


«4-"* 


0.8 


o,4-0f»89-*°"“’-°°°”>-O0O715 

0.8 


Point 5 b fixed byjoioiogpointsdand A; where thb line cuts the horizontal 
line through 1 fixes point 5 at tj • I2°C dry bulb. 

(i) From the chan h, > 3X9 U/kg h, • 40.2 kJAg 
Total beat load > 18000 + 3d00 • 21.fi kW 


therefore 


<^1 


21fi 

(40.2 - 3X9} 


X43k|/t 


Alto 0), • O.OOTX tberaToK 

Maas fiowtateof supply air •3fi3(l +0.0075} 
- 345 kg/s 

(ii) From the chart 

Specific hunidity ^ supply air m 0.00745 
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<iii).FrcMn tbe cbaxt ^**46^ U/kg» « 31.1 U/k^ 
CooliDfloadoDwuhcr- n,i(A, - h,) 

- $I.gkW 

(iv) Heatioglcud • - Ji,) • 3.43(33.9 - 31.1) 

• 9.6 kW 


ExampU 16.6 


FiglSlO Winter 

nir^onditionjiig ptiol 
(a) nod paychromelck 
chart (b) for 
Example 15.6 


The plant in Example IIS b mcKlified for winter use by using pumped 
circulation in the washer as in Fig. IS.IOia). Tlie summer room design 
conditioDS of 20 ‘C and tpeciCe hwmidiiy 0.0079 are to be maintained when 
the outside conditions are 0"C and 100% saturation; the ratio of fresh air 
to recirculated air b to be tbe same as in summer, and the mass fiow rate 
of ait u also the same. Tbe sensible heal loss b 14 400 W. Taking the washer 
efficieocy as 60% as before, and neglecting temperature changes in tbe fan 
and ducting cakulaie: 

|i) the temperature of the air supfdied to the room; 

(ii) the heat supplied in the beater. 




Solution (i) The system b shown diagrammaticaUy in Fig. I3.l0|a| with the processes 
on the psychromelrk chart in Fig 15.l0|b|. The system u slightly different 
from that of Fig IS.T Ip. 546); in this cate the pre-heater hat been dispensed 
with by uting reorculated air to raise the mixed air to a high enough temperature 
before entry to the washer as shown. 

The recirculated air leaving tbe room at slate 2 b at the same condition as 
in summer, therefore point 2 b fixed on the chart. Point 3 b fixed from the 
information given, and point 4 b fixed by dividing the line 2-3 in the ratio one 
to two since there b one-third outside air and two-thirds recirculated air by 
mass. Front the chart, h] = 40.2kJ/kgfi4 a: 29.8 kJ/kg and cu. = 0.00655. The 
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ExampI* 15.7 A tniaU.9zt cooling lower is designed lo cool 5.5 liices of waier per second, 
the inlet temperature of which is 44°C.T1te moior^riven fan induces 9 ni*/a 
of air through the toner and the power absorbed is 4.75 kW. The air entering 
the tower is at 15’C and has a rdaiive humidity of 60%. The air leaving 
the tower can be assumed to be saturated and its temperatuie is 26”C. 
Assuming that the preuure throughout the tower is constant at li)t3 bar, 
and make-up water is added outside the tower, calculate: 

(i) the mass flow rate of make-up water required; 

(ii) the final temperature of the water leaving the tower. 

Solution |i) The cooling tower is shown diagrammatically In Fig 15,15. At inlet, using 
equation 115.4) 

and p, at I8*C-OJ)2063 bar 


Fig. 1115 Induced, 
dranghi cooling lower 
for Eiample 15.7 



M’Ca* I 


ii'Ca-Mst 


p,, = 0.6 xa02063 = 001258 bar 
From equation (6.2), 

p,, = 1015-001235= 1.0006 bar 
10**1.0006 x 9 .... , 


and ifi,. 


10’ X 0^87 X 291 
10’X 001235 x9 


10’ X 04618 X 291 
At exit at 26'C 

p,-a05560bat and p-l 
therefore 

p., = 0.05360 bar 
Using equation (ISJK 

a, = 0 . 622 f-^) - ( ”•*“ ** 

\r-p^) \i.oi3- 


0.0829 kg/s 


a0336 \ 

0.0336^’ 


0.02133 
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Problems 


lU <t) Tbe pfcniue o( Ibe wMcr vbpouf ia bB «bidi ii bt 32 *C and 1.013 bar 

« 002063 bar. Caloilaie: 

0) (br drsnr ot uipcriiau of ibe waiet vapour; 

(ii^ spcdfic bamidity; 

{Hi) (be itlitive humidri); 

(iv| (be tenperaiure to wbicb (be air must be coofa d foi h to become jut taiurelcd. 
<b) tr (be air io U) >e cooted io lOX from iu od|ma] eoodidoa. cakulaie (be nwu 
ct eonk&iate fomed per kilofnm ct dry air. 

(14 K; 001292; 43.4%; tVC: 0.00S3k|) 

19.3 An air and water vapour miatuce at I bar and 26.7*C bas a spealk hunidiijr of0J3083. 
Calculate ibe petceaia|e utoratioa 

<37,7%1 

1B.4 A itiiiiure of air and water vapour at 14)13 bar and 14 *C baa a dew pmat oT 5*C. 
CakuUte ihe relative and rpedfk bunidiiica. 

(46%;O.OOS4| 

Atmospheric air ai a pressure of 760 cam H| bas a lemperaiure of 32 'Cand a percentaie 
saturetiofi as detenniaed from a psychrooxtrk chart of 52%. Ctkulate: 

(i) Ibe partial pressures of the vapour and dry av; 

(ii) the specibc humidity; 

(m) ibe dev point; 

(iv) (be deosily of the oiuturc. 

404)252 bar; 0958 bar; 0i)f59; 21.2’C; 1.146 ki/m*) 

16<8 Ctmpare (be fas rotwant for dry air with the value for air saturated with water vapour 
at 16 X aod IMiht:. 

40.2871 U/kf K: 0.289) kj/kf K) 

IS.7 The tenperaiure in a room of vofunc 38 m’ is 25X tbe pressure is 14)13 bar; ibe 
dew point of tbe air la tbe room is 14*C If a vessel ooniainijif water is placed in the 
room eakulaie Ibe maaimutn that caa be lost by evapontioo. Assume ibai ibe pressure 
in tbe room remain coouaiM, 

{a433 kf) 

16.1 4 a) An air^oodrtioaed room is ttauuuoed at a temperature of 21 and a relative 
humidity of 59% when ihe barometric piwure • 740 mm H|. Calculater 
(0 tbe specific humidity; 

(H) (he temperature of ihe iniade of ibe wMows in (be room if moisture is juii beginmni 
to form 00 tbem. 

4b) For the room m pert 4al what mass of water vapour per kilofram of dry air 
must be removed from tbe miiture io order to prevent eondensaiion on the windows 
when tbeir temperaiure drops to 4 *C. and what is the initial relative humldiiy to saiiify 
ibis conditiM when tbe room temperature remains at 21 *C? 

4000174; 11.62'C; 0.0035 kg: 32.7%) 

1S.9 A miitorc of aar and water vapour ei 50 'C and 1.013 bar has an analysis by mass of 
4% water vapour to 96% dry air. CakaUtet 
(1) tbe analysis by voIubw; 

(ii) tbe partial preasum of the water vapour and dry air; 

(hi) the reiaihe bumkliiy. 

4&28%. 93.72%; 04)636 bar. 0.9494 bar; 516%) 
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<b) The fresh eic requircuwau for Uie building ia pan (a) ace such that ihe ratio oT 
reorculated air to fresh air must be no greater ihao X A sieara humidiSer ii introduced 
between the miamg boi and the beater; the air In Use hamtdirier is beaied at a f^rosima idy 
coBitaoi dry bulb tenpenirure. Cakulaia ibe beat ao« ret^uired la the hater. 

(16.3:4} kW:7lkW| 

15.16 A room m sunuDet b to he masnuieed at I8 C. 50% uturtlion when the ouUkie 
conditions an 30*C. tO% saiurattoo. The scnabk beat gams and latent heal |ami are 
4,4 kW iihI 1.80 kW rcspcclivel). 

The conditioned air b svppbed through ducts from a central station consisting of • 
cooler battery, a rebcal battery, and a fan. Fresh air Is supplied to a mlsing unit where 
tt imses with a etruin pcrceoiage of air racircuUied from the room, the remainder of 
the room sur being eipdled to atmosphere. 

The air colcring the room b at 12i*C> the air tenpertiure rue in ihe fan and duct 
work b I K. the air ka« ing the cooler battery and entering ihe reheat battery is at 7 *C. 
and the apparatus dew pomi of the cooler b U *C 

Draw a sketch of the plant, rtumbering tbe relevant potnu, and calculate: 

(ii tbe ratio of the mass rate of flow of recirculated air to the mao rate of air supplied 
to the room; 

(lit Ibe cooler battery load; 
lilt) the febcatCT battery load; 

(iv> tbe coaler battery bypass baot. 

Use tbe psychrometnc diaru taking tbe beromclric pressuie as 1.01325 bar. 

fa85; 15.4 kW: 3.5 kW; 0.3) 

15.17 Air enters a nalural draught cooling tower at 1,013 bar and 13*C and rdsllve humtdriy 
50%. Water at 60 *C Ciuin turbine condensers b sprayed into tbe tower at tbe rale of 
22.5 kg,^ s and leaves at 27 *C. Tbe air leaves the tower at 38 "C 1.013 bar and b saturated. 
Calculate! 

(i> the airflow required in cvbk loeties per second; 

(ii) the make-up water required id kilograms per second. 

(2lmV«; 1kg/sl 

15.18 In a forced-draught cooling tower bot water eoicn at a rale of l5kg/$ at 2?‘C and 
kaves tbe tower at 21 C The ambuni air drawn Into tbe tower is at 1.01325 bar. 23 ”C 
dry bulb and 17*C wci bulb, and the air leaving the lower b salon led ai 25 X. The 
fan power input is 5 kW. AsmiiiiB| that tbe specific eeibalpy of superheated vapour is 
approsimaiely equal to the specific enihoJp) of saturated vapour at the same lent peruiurc. 
and that the presstne m the lower remains constant throughout cwlculaie: 

(I) the required mass flow rate of air; 

(li) the required mass flow rate of make-up water to be added exterior to Ihe tower. 
Take the partial premire of water vapour id air at 

r •*r, - |674« ■ lO'Nlc*-twaU 

where tbe prtssuroi are m bar, and the dry bulb tenpertiure. Im. and the wet bulb 
temperature, r^a. are In degioes Cencigrada 

(13.67 kg/s: C.I44 kg/i| 
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16 


Heat Transfer 


The inneTer of heal actou the boundaries of a lyttem. either lo or from the 
syiiem. is considered in previous chapters for ooo-flow and flow processes; 
■he deAoiiioo orbeatusedthroughoulthis book, and given in section l.l, simply 
slates that heat is a form of energy which is transferred from one body lo 
another body at a lower lemperalure by virtue of the temperature difference 
between tbe bodiea When the mechanism of the transfer of heat is considered 
a subtly different approach is necessary compared with the approach of 
fundamenlal thermodynamics. For instance it becomes difltcult to define a 
system. In order to illustrate this point consider a bar of metal being healed at 
one end and cooled at the other. Now a boundary may be put round the source 
of heat or round tbe sink for (he rejection of heat, but a boundary encircling 
the metal bar encloses a body the temperature of which varies throughout its 
length. In order to apply the laws of thermodynamics to the system consisting 
of the metal bar, a meao tempe ra ture must be assumed. 

la previous chapters many problems have been considered in which a certain 
quantiiyofbeallias been transferred tram one system to another. In (his chapter 
we shall be concerned with the rate at which heat is transferred. The rate of 
heal transfer may be constant or variable, depending on whether conditions 
are such that (he t em peratures remain (he same or change continually with 
time. Most problems in praclioe are coocemed with steady-state heal transfer, 
in which heat (lows continuously at a uniform rale, tot there ere meny cases 
of transient heat iranslcf and some of these will else be considered. 

In generallhercerelhreeweys in which heal may be transferred, given under 
the heedinp below. 


By conduetlon 

Conduction ie tbe iransler of heal from one pan of a substance lo another part 
of (he same substance, or from one substance lo another in physical contact 
with it without appreciable displacement of (he molecules forming the substance. 
For example, the heal transfer in the metal bar mentioned previously is by 
conduction. 




Heat Transfar 


By convection 

Coovection is (he (raesfer of heal wiihui a fluid by (he mixing of one ponion 
of ibe fluid with another. The movement of (he fluid may be caused by diflerencet 
in densiiy resulting from ibe temperature differences as in naiural comtcUon 
(or/reecomwifM), or the motion may ue produced by mechanical means, at 
in/erred roaeerfien. For example, the heal transferred from a hot-plate to the 
atmosphere is by natural conteciion. whereas the heat transferred by a domestic 
fan-heater, in which i fan Mont air across an electric clement, is by forced 
convection. 

The transfer of heat through solid bodies is by conduction alone, whereat 
the heat transfer from a solid surface to a liquid or gas takes place partly by 
conduction and partly by convection. Whenever there is an appreciable 
movement of the gas or liquid, the heal transfer by conduction in the gas or 
liquid becomes negligibly small compared with the heat transfer by convection. 
However, there is alwaysa thin boundary laser of fluid on a surface, and through 
this ihin film the heat is transferred by conduction. 


By radiation 

All matter continuously emits clectromagoctic radiation unless its temperature 
is absolute zero. It is found that ihe higher the temperalure then the greater is 
Ibe amount of energy radiated. If. iheTefoic, two bodies at diflerenl lemperaiurea 
are so placed that the radiation feom eadi body is iutercepted by the other, 
then the body at the lower temperalure will receive more energy than it is 
radiating, and hence its inleraal energy win increase; similarly the internal 
energy of the body at the higher temperature will decrease. Thus there is a net 
transfer of energy from the high-temperature body to the low-temperature body 
by virtue of the tonpenture diflerence between the bodies. This fonn of energy 
transfer salisflea the definition of heat given in section 1.1. and hence we may 
say that beat is transferred by ndiatian. 

Radiant energy, being etectromagnelie radiation, requires no medium for its 
propaplioD. and will pass through a vacuum. Heal transfer by radiation is 
most frequent between solid surbeet. allhough radialion from gaia also occurs. 
Certain gases emit and absorb radiation on cetuic wavelengiht only, whereat 
most solids radiale over a wide range of wavelengths. 

In any particular example in practice heal may be iranifemd by a 
combination of conduction, eonvection. and radiation, and it is usually possible 
to asMts the ellecii of each mode of heal transfer separately and then to sum 
up the results. There are two main groups of problems: firil, the desirable 
transfer of heal to or from a fluid as in a heat exchanger, boiler, or condeoser, 
and second, (be prevcnlloo of heat losses from a fluid lo its surroundings. 


16.1 Fouriar't <«w of conduetion 

Fourier's law slates that Ihe rale of flow of beat through a sinde homogeneous 
solid is directly proportional lo the area A of (he sectioo at right angles to the 
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direciiofi oT heal flow, and lo the change of lempetaiun with reaped lo the 
length of the path of the heal flow, dr/dx. Tliia is an empirical law based on 
observation. 

The law is illustrated in Fig. I6.l|a) in which a thin slab of material of 
ihickness dx and surface area A has one face at a leniperalure i and the olhet 
at a temperature <1 + drl Then applying Fourier's law we have for the rale of 
heal flow in the direction a. 

Rate of heat flow. ^xA — 
dx 

or ( 16.11 


Fig. 16.1 Heat flow 
through a thin abb of 
material 



lal Ibi 


The rale of heat flow in the direction x is taken as poulive, hence the negative 
sign in ettuBUon (16.1) since dr is always negative. The term i is called the 
rhermuf conductivity of the maleriaL The ihetmal conductivity of a substance 
can be defined as the heat flow per unit area per unit time when the iCRlperalurc 
decreases by one degree in unit disiahce. 

The units of x are usually written as W/m K or kW.'m K. 

Consider the transfer of beat through a slab of maicnal as shown in 
Fig. 16.1(b). Ai section X-X, using equation (16.1) 

^tt-XAp- or <}dxw-A.4dl 


Integrating 

J C dx - - j"^ XAil 
or <Jx • 

This equation can be solved when the variation of thermal conductivity, X. with 
temperature, I, b known. Now for most solids (he value of the (hcrmjl 
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conductivity is approiuRsteJy constani over a wide range of tempera lures, and 
iberefora i can te uken at constant. 

Lt -Aij^ Al 

or (16.2) 

Note that in ibis case the area in Ibe direction at right angles to the heat flow 
remains constant through the slab. Cases will be considered laier in which the 
area varies. 

The thermal cooductiviiiea of some materials encountered in engineering 
are shown in Table ld.1. !t follows from equation (16.1) that materials with 
high thermal conductivities are good cooduciors of heal, whereas maieriali 
with low thermal conductiviika are good thermal insulators. Conduction of heat 
occurs most readily in pure metals, less so in alloys, arnl much less readily in 
noti'inetaU. The very Iw thermal cooductiviiies of certain thermo] insulators 
(e.g. cork) are due to tbeir porosity, the air trapped within the material acting 
as an insulator. Gases and Kqukb are good insulaion, but unless a completely 
stagnant layer of fluid is obtained, beat is transferred by convection currents. 


Table 16.1 ThemuJ 
cooductiviiy of some 
substances 


Substance 

Tbennal 

CDeductiviiy 

(W/OK) 

Pure copper 

3K 

Pure aluminium 

U9 

Durslumio 

164 

Cast iron 

52 

MUd Sled 

4L5 


34.6 

CoflCTeta 

015-M 

iuildmg bnck 

035-01 

Wood(Dak) 

015-02 

Rubber 

015 

Cork beard 

0(M3 


Exampla 16.1 The inocr (urfacc oC a plaoe brick wall i, it 40‘C and the outer surface it 
at 20’C. Calculate the rale of heal iraiuler per unit area of wall surface; 
the wail b 2S0min Ihkk and (he thermal ornductiviiy of the brick is 
aS2W/mK. 

Solution From equation (1&2I 
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thertfore 


{J ^ 10* K as2 
A~^~ 250 


>.(40-20)«4l,6W/m* 


Note that the symbol 4 is used Ibr the rate of beat transfer per unit urea. 


16.2 Newton's law of cooling 

In order to coitstder the rate si whicb heat ii iransferred from one fluid to 
toother through a plane waD it is necessary to know something of Ihe way in 
whkh heal is iransferTcd from a solid surface to a fluid and vke nria. 

Newton's law of cooling states that the heal transfer from a sokd surface of 
area A. at a temperature to a fluid of temperature l, it given by 

^-zA|c.-r) (16.3) 

where a is called the hem irmijrr cot^cUni. 

Tlie units of s are seen to be W/m* K, or kW/m* K. The heat transfer 
eoefflcicol. a. depends on the properties of Ihe fluid and on Ihe fluid velocity: 
it is usually accessary to evaluate it by eiperimetiL This will be discussed more 
fully in section 16.9. 

Equaboo (16.3) does not include the heal loss from the surface by radiation. 
This effect can be calcuialed separately (see section 16.18), and in many cases 
is negligible compared with the heat iransfeTred by conduction and convection 
from the surface to the fluid. When the surface temperature is high, or when 
the surface loses beat by natural convection, then Ihe heat transfer due to 
radiauon is of a similar magnitude to that lost by cooveebon. 

Consider (he transfer of heat from a fluid A to a fluid 6 through a dividing 
wall of thickness s. and thermal cooducbviiy i, as shown in Fig 16.2. The 
vatiabon of temperature in the direebon of the heat transfer is also shown. In 
fluid A the te m per a ture decreases rapidly from r^ to r, in the region of the wall, 
and similarly in fluid B the Icmperalure decreases rapidly from ij to i, in Ihe 


Fig I6J Temperature 
variaiion for heal 
transfer from one fluid 
to snotber through s 
dividini wall 
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cegioa of ibe wall. la mou practical cases Ibe fluid leraperature is approximately 
constant throu^ioul its bulk, apart from a tbin flbn near tbe aoUd surface 
bounding the fluid. The dotted lines drawn on Fig. 16.2 show that the thickaen 
of this 61m of fluid is given by for fluid A and da for fluid B, The heat iraufer 
in these films is by conduction only, hence applying equation ( 16 . 2 ) we have, 
considering unit surface area, from fluid A to the wall 


4-^(»a-».) 

(a) 

from the wsll io fluid B 


4-r<'>~'»* 

da 

(b) 

Abo from equation (I6JX fram fluid A to tbe wall 


4-«a(«a-'i) 

(c) 

from the wall to fluid B 


4-»a('2-fel 

(d) 


Comparing equatioiu (a) and (c). and equations (b) and (dX it can be seen ibal 

a* 2a 

«*=•— and 1%-j- 

d* d. 

In general, i - i/S, where d is the thickness of the stagnant fibn of fluid on the 
surface. 

The heal flow through the wall in Fig. 16.2 is given by equation (16.2X 
For unit surface area 

X 

For sleady-slale heal Iraniler. the heat flowing from fluid A to the wall is equal 
to the heat flowing through the wall, whkli is also equal to the bent flowing 
from the wall to fluid B. If this were not so, then the icmperttures i.kr <i. > 2 , 
and i| would not remaio consiani but would change with time. 

We therefore have 

4 - ».(»* - «i) - j(ti - ' 2 ) “ *a(t 2 -'t) 

Rewriting these equations in terms of the temperatures, then 
(t|-»2)-^: Hr-ti)-- 

»A * »l 

Hence adding the corresponding sides of the three equations 

(U - ii) + 0 i - > 2 ) + ('2 - 'a) • — + T ~ 

2 >■ 
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Example 16.2 


Solution 


M\i6 

tied 



FI|.tU TtiO: wall for 
Exampfe \t2 


therefore 


Oa-«i) 


V»» i ««/ 


(I'», + x/i + I/*,) 

By analo 0 with «qualioii(I 6 .}) this can be whiten ai 
or 6-0.4(1*-I.) 


where 

V \»* X «»/ 


(16.4) 

(16.5) 

(16.6) 


V is called the oeeraM hear iraa3/& coefficUni, and it has the same units as >, 


A mild steel Umk of wall Ihicltneas 10 mm contains water at 90’C when the 
atmo^heric temperature is 15‘C. The thermal conductivity of mild steel It 
SO W/m K. and the heat transfer coefRcienis for the inside and outside of 
the tank are 2SOO and 11 W/m’ K respectively. Calculate: 

(i) the rate of heal loss per unit area of tank surface; 

(ii) the temperature of iIk outside surface of the lank. 

(i) The wall of the tank is shown diagrammalically in Fig. 16.3. From 
equation(l 6 . 6 ) 

i_-L f + 10 j_ 

1/ “ X ” 2*00 10’ X 50 II 

- 0X00 357 + a0002 0.0909 
U. ^>0.0915 


Then subniluliii* inequation (16.4), 4 Kfl,. - l|), we have 

i.e. Rate of heat loss per square metre of surface area - 0.82 kW 
(U) Front equation (163) 

4 -aid,-I,) or *20-II X 15) 

where t, it the lemperature of the outside surface of the tank as shown in 
Fig 163. 

,,_^ + I5-g9.6'C 

Le. Temperature of outside surface of lank - 89.6 °C 
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Also, uiing equatioD (16.8) fora fluid film, R = l/i4, we have 


Reiistaoce o( air flliD on outtide surface w — K/W 


Hence 

Total resistance. R, • 0.0781 + 0.417 + 0.0857 + — + 016 
where the resistance of the air gap b 016 K/W, 
ie. R,-08 K/W 
Then using equation 11610) 


«1 


1100-75 

oi 


I544W 


U. Kate of heal loss per square metre of surface area • 1 J44 ItW 

(ii) Referring to Fig 166. the interface temperatures are I,. Ij, and ij: the 
outside surface is at ( 4 . Applying the electrical analogy to each layer and using 
the values of ihemtal tesutance calculated above, we have 




llOO-r, 


0.0781 

le. i,-tl0O-(l344 xO.0781)-995=C 

ie. rj-9M-(a!6x I344)-780°C 

i»-li 


< 1344 ’ 


0.417 

ie. t, - 780 -11344 X 0.417) - 2I0‘C 
.„d ^ = .344-^5 

ie. I 4 >220-11344 X 0.0857)= 104*0 

(iii) The temperature r. can also he found by considering the air lilin, 


Le. ^. 1344- 


14-25 

1/17 


i.e. I. 
therefore 


.-(.344 x 1 ) 


+ 25 


I4- 104.1'C 

Temperature al outside sutbce of wall = 104.1 ‘C 
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16.4 HMt flow through • cylinder and a sphere 


df 



Fqt. CrosS'SectkiD 
ihrourli a cylinder 


One of the motl eoaunoaly occurring problems in praciice is she case of heal 
being (ransferred ihiough a pipe or cylinder. Less common is the case of 
heat being transferred through a spherical wait, but both cases wili now be 
considered. 


The cylinder 

Consider a cylinder of iniemal radius r,. and eaiemal radius r, as shown in 
Fig. 16.6. Let the inside and outside surface temperalures he t, and ij, 
respectively. Consider the beat flow through a small element, thickness dr, at 
any radius r. where the tonperalure is r. Let the conductivity of the material 
bek. Then appiyingequationi 16.1), for uoil length in Ihe aiial direction, we have 

. dl df 

OX dr 

Lt (2—— -JiUdr 
r 


Inugjating betweeo (he ioside aod outside suffices 



where end I ere both eoosuot 


- -ZnLO, -i,)m 2nL(t, ~ i,) 
r, 


i.e e 


2«2(l.-rr) 

to(r,/r,) 


Now from equaiion (16.21. 


(16.12) 


If we substitute a mean area in ihii equation, and substitute also for the 
thickoess x -(rj -rik «e have 
. J^.(r. -1,) 

(rs-r.) 

Comparing this equation with equation (16.12), then 

A -L4.(r,- 1 .) 2 « 2 (t,-r,) 

)rj-r,) ln(r,/r,) 
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therefore 

A. _ 2» 

r, - r, ln(rj/f,) 

A - 

bi(r,/r,) 

Here is called ibe logaiithmic meao area, aad uaing ihia area in equation 
(16.2) an enact solution is obtained- It can be seen from the above that there 
is also a logarithmic mean radius given by 

hilrj/r,) 

In (he case of a composite cylinder (eg a metal pipe with several layers of 
lagging) the most convenient approach is again that of the electrical analogy; 
by using equation 116.7) 



where x is the thickness o( a layer, and is (be logarithmic mean area for 
that layer. 

From equation (1612), applying the clearical analogy (/ = V/AX it can be 
seen that 


ln(r,/r,) 

hi 


(16-13) 


The tUn of fluid on the insicle and outside surfaces can be treated as before 
using equation |168X 

j.e 

*0^0 

where is the outside surface area. 2nr2. referring to Fig 166 and Oq is the 
heal irarisfer coelBcieot for the outside surface. 



where A, a Ibe inside surface area. 2nr, and Si is the heat transfer coefncienl 
for the inside surbee. 

It can be seen from equation (1612X 

. 2 ni(t.-t,) 

^ h(r,/r,) 


that Ihe beat Innsfer rale depends on the ratio of the radii, and not on 
ihediRerenccfr] — r,X The smaller (heralia rj/r,, then Ihe higher is the heat 
flow (or the same temperature diflerenoc. In many practical problems the ratio, 
r]/r„ lends towards unity since Ihe pipe-wall Ihrekness or lagging thickness is 
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Hence 

Total resaUoce,«, > ai478 + 0.2295-^0.0272 
-0.4W5K/W 

Then using equation (16.10) 




800 - 20 


> 1930 W 


Jtr 0.40*5 
Rate o( beti lots from the oven • 1.93 kW 


16.6 General comluction equation 

A general equation may be derived for a Ihree-dunentional solid in which there 
is uniform ioiernal heal generation (due to ohmic healing for example), and a 
change of temperature with time. 

Consider an ekmcni at a temperature, i, at any instant of time, t. within a 
bomogeneoui solid as sbownin Fig. 16.9. Let the rate of internal beat generation 


Fig 149 A small 
dement within a 
boiDDgeoeoLis solid 



per unit volume be 4|. Let the density of the material be fi, the spedhe heat c, 
and the thermal conductivity 2: assume that these propenies are uniform and 
constant with time. By Fourier's Inw: 

(J,- -;(dydi)|^ 

ix 

6,« -i(dxds)|J 

ey 

(J,- -ifdxdy)^ 
c: 
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thcrdbre 


(. i’l .il\ il 

e £i!+'* + i.'* 
fr* rlr i Kit 

|c) Sph«R (see Fig. 164V Applying an energy balance 

4,4»f’<Ir — — dr m peder'df— 

Cl at 


therefore 


d,4ar’ ^ “ pc*iii‘ ir~ 


l‘l lit i. Ill 
h’ ih i Kit 


(16.17) 


(16.18) 


For ateady*state cases the right-hand side of equations (16.16), (16.17 V and 
( 1618 ) becomes zero, and (be equations become oidinaty diReieniial equations. 


Example 1S.6 A hollow cylindrical copper conductor of 30 mm outside diameter and 14 mm 
inside diameter has a current density of 40A/mm^. The external surface is 
covered with a uniform layer of insulation ^ thickness 10 mm, and the 
ambienl temperature ia I0‘C. Neglecting asial conduction and assuming 
that the lemperature of the insulation must not exceed 13S°Cat any point, 
calculate: 


(i) the beat required 10 be removed per unit time by forced cooling from 
the inside of the conductor; 

(ii) the lemperaluie at the inside surface oi (he conductor. 

Data Thermal conductivity of copper • 380 W/m K: thermal conductivity of 
insulating material - 0.3 W/mK: heal transfer coetlicienl al outside 
surface •• 40 W/n^ Ki eiccirical resistivity of copper • 3 x 10* ’ n mm. 


Solution From equation (16.17). for the steady stale 


d'r Idr d, 
dr’ rdr i 


0 


or 


rdrVdr/ I 


Hence integrating 




C. 
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Equation 116.23) can also be wriiien as 

, 1624 , 

1 ,- 1 , 

The dimcntloa of length, L.may be (he haJf-thickneu ofeo Infinice slab, or 
(he radius of an infio<(ec>Iinder. or (heradiut ofa sphere. The term AL/V for 
an Infinite slab, cjlinder or sphere, ma) be shown (0 be 1.2. or 3 respectively, 
e.g. for a sphere 

AL (AsL’tL ^ j 

V “(4Ri.*,3)" 

In the previously considered csaci solution.equationf 16.21), it can be shown 
that when Fo >0.2 then only ihe Arst terni of the summation need be considered 
within enginecrini accurancy. Also, when Bl is small, then in equation (16.22) 
taotp, L) epproiimatcs to (p, Ll and hence Bi approilmatcs to (p, L‘ ). Similarly, 
sintpif.) approximates to (p|L) and coa(p,i.) approaches unity. Therefore, 
substituting these approximations into equation 11621 ), for (he centre where 
X wO, and henoe eas(p,.e)is I. w« have 

‘ ~ \ .t-wf. 

h-r, VpiL + p,l,/ 

CoRiparini (his with equatioa (16.24) ii can be seen to be equivalent to 
Ne^tomno cooling of an infinite slab. when Fo> 0.2 and Bi is very small 
the problem approxiraates to Newioman cooling. 


Example 16.7 For transient conditction in a sphere when Fo > 0.2 U can be shown (hat 
the solution of equation U6<16) for the temperature at (be centre of (he 
sphere. («, when initially at ti. and plunged into a fluid a( rp. is given by 

I.-If ^ |s(nlp,2.)-P|l.cos(p,u; ^ 

'i-'r {p,t-tin(p,t)cosfp,i.)} 
and I ~ Pi tcoKp, L) w Bi 

Using the data below dcicrmioe the icnspcmiurc al the centre of a sphere, 
inilinlty ala uniform temperature of SOO’C, twetily minutes after il is plunged 
into a large bath of liquid al a temperature of 20 ‘C: 

|i) from the above equation; Ihl assuming Newtonian cooling. 

OfM Radius of sphere-SOmm; denaiiy of sphere • 7600kg/m': thermal 
conductivity of sphere • 40 W/m K; specific heat of sphere wO.SkJ/kgK; 
heal tranafercoefficieal from S(diere surface 10 liquid w 88.S W/m’ K. limay 
be assumed ihal the heat transfer coefltcient and the temperaiureofihe liquid 
remain coosiani over the littse period. 

5d/u(/on (i) BI -al./;-(88 8 X a0i)/40-ani 

therefore 

1 - p,L COIIPiLI -0.111 
or PjLcotIpjL) .0.889 
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This equation ma)' be solved by trial asd error. 

p,L ft7 ae 0.S 
''' p,Lcoilp,L) 0.831 0.877 0.913 

By funher trial and error, or by drawinga graph, it can be shown lhalp, 0.57. 
Also 

Fo-er/R’-ar/peX’w|40 a 20 x 60)/(7000 x 0.3 x 10* x 0.05*) 
-5053 

therefore 

f.-t, |tinO-57-OJ7cOT0-57) ^.B^.^M 

ti-lr (0.57-sin 057 cos 0:57) 

ie. ^2-^-0.5161 x 2 x 01936-0.2 
'i-'f 

iheiefore 

t, - 20 -f 0.2(300 - 201- 1 t6°C 
(ii) For Nevrlooiao cooling of a sphere, from equation (16.24), 

f~h ^se"’*"'^''*“* 

'i-'f 

therefore 

r- 20 -F 0.1859(500 - 20) = I09.2'C 


16.6 Numorical methods for conduction 

The moat commonly used numerical method is the hnite difference method in 
which a differential equation is replaced by an approiimate algebraic capressiorL 
The sel of equations thus produced can be solved using a compuler. The reader 
is rccomtne^ed to consult lefecenees 16.2 and 16.3 for a fuller (realmeni of 
numerical methods sod their ap|4ication in heat transfer. 

A dllfereni method known as the Anile ekineni laelhod is increatingjy being 
used for heat transfer applications, but is not considered in this book. 

In specialized teals the derivation of Anite difference eapressiona is given in 
detaiL using for exam[4e the Taylor series, but rn this book only the following 
brief illustration xnD be given. Refttring to a graph of r against a (Fig. 16.I0X 
three appeoaimations to the true tangent to the curve dr'<U are illuairaied, 

i.e. —— ‘*~*** baekward difference (16.25) 

d> ix 

—y forward difference (16.26) 

dx ox 
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In the esse of steady conduction in danensioos the initial temperatures 
arc unknown and hence the set of equations is more conveniently solved by a 
relaxaiion method such as Oauss -Siedel iteration (see p. 590). 

Error$ 

Using a finite difierence method the answer obtained converges towards the 
exact solution as the sue of tbe increments chosen approaches aero. Finite 
dilference expressioiu must be chosen such that the computer solution converges 
towards the exact solulion; in certain cases the solution will become unstable 
because errors generated are increasing in size as the solution proceeds, or are 
growing at a raster rate than the rate of convergence. 

There are basically two types of error: rouod*olT error and discretization 
error. Round*off error occurs when the answer is taken to a specific number of 
significant figuies, and is cumulative; fortunately m modem computers this 
error is not usually Imporiani. Discretization error is mainly due to the 
inaccuracy of tbc finite difierence expression, see Fi^ 16.10. and can be reduced 
by reducing the size of tbe increments. 


Notation 

Referring to Fig. 16.11. a two^imenaonal space may be divided into a grid of 
nudes «s shown. The temperature at any point may then be designated as i, j. 
Note that i increases from left to ri^u and J from bottom to lop, of the grid, 
following tbe oornial .x^lirection and y-direetcon respeciiv'cly. 

For a problem in transient conduction the temperature at any time will be 
denoted by tbc next time is therefore r 4- I and the Icmpcraiurr at that 
instant is For transicDt problems in one-dimension they-direciion wilt be 
omitted. 


Fig. 16.11 Cnd 
deHniiien for 
iwo'dlmensionsl itesdy 
conduction 



606 




16.7 Two*dlm»fwional vtMdy eonductien 


16.7 Twa-dim«ntioiMil steadv conduction 

From rqualion (li-ISl for zero iniemal heal genenlioD and for iteady 
conduGlioa in iwo dimensions the equation reduces to the Laplace equation: 



cipresiion. equation I l<L2tl. Using the notation outlined in section [6,6 (see 
Fig, 16.11X we have 




dx» iy> 


The gnd may be chosen such that 6x - iy. then 

*IJ “flu-1 ^•IJ+ 'wi + 


(16.30) 


AH the internal points within the boundaries of the Iwo-dlmensional space are 
represented by equation <1630X 

Conducting rod analogy 

Equation (1630) may be derived using the basic Fourier equation and the 
concept of heal how paths. In Fig. 1612 conducting paths of width, from 
each point towards the centre point, ate shown cross-hatched. Fourier's law 
can be applied to each conducting path; for example, the heat transferred from 
point (f F I.yiio point (Xjl b given by 

Thermal conductivity u area x temperature gradient 



Fig 1612 Conductiag 
tod iiulogy for 
two-dimensional steady 
conduction 
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Tbep a simpk ea c fg y balaoce gives 

lx lx ix 

Ix 

Thi> eqiuiioa rcducn lo the unte ciprenioo ai in equation 116J0). 

TIm conduciioi rod analour can be uied in more comidei caiet. including 
the case with internal heat generation or at a boundary convccting to a fluid; 
it may be found eaaiet to apply lioce it relalet to a eimpk phyeical model. 

Boundary conditlona 

Surface coRtvcrbig to a JtaU 
For a pOKil (l.j)op the niilace (tee Fig. 16.13): 
dt 

-a—-idr-ly) 


Fig. 1613 Grid for a 
lefl.Kciid surface 
convccting to a fluid io 
twi>.djiiKnsioiial steady 
conduction 



Using a central dilkrcnce eiptessioa Cor di/di, equation (1627); 

The point (1- l.y) b hctilious and can be eliminated from Ibc equation by 
ouuming that it lies on the extrapolated temper a ture dbtribulion line (see 
Fig 16.14). Le. from equation 11630): 

t|- lu • 1^1 J ” tj*,j — f|j.i — l(j-j 

Subsiiiullog in equaiioo (1631) 



t4.7 Two-dimMtien*! ttMdy conduction 


Pil, ]6iH Ficijlious 
poiol for a kfi^hand 
tufiue io 

two-dJiTwiisicnal 5Wad)i 
conduction 



Aonbiitno 


therefore 

, _ ^1. ij •*• «ij.i ■*• «ij-i +fa'fM) 


(16.32) 


SuniJaf Mpfcuiom may be obuioed Cor a surface wiih the fluid on (he right, 
or at the top or bottooi. 

Equation (1632) can be derived using the cooductiog rod analogy with a 
rod of ba)f‘Widtli, da/2, running from point (i,y •(-1) to point (i,/), and from 
point (t/- I) to (<,/), Le, 

. _;«a) (tcr.i-tc/) . ,(dx) )t,j-,-r,j) 

4x 2 4x '2 4* 


-«4xliy-if) 

Si m^Mifyicig this equalioo the same ezpcessioo as id equation (! 6,32) is obtained. 


Insulated suiface 

At an rosuKated surface, —i d(/dx * 0; or x ■ 0> aod beoce for a kfl'band 
surface which is insulated equation (16.32) reduces to 
,^. 2...„.yr....-bV, 

It should be noted that a line of thermal symmetry within a iwo^dimensionnl 
space will act as an insulated surface (see Example 16,8), 


Comers 

Expressions can be derived lor the t e mp e r a tures at outside comers (lop left, 
bottom right. elc,)aiMl at inside comen. For exam^e. for a lop left outside comer 

2 + (2a8x/i| 

For a bottom right inside comer 

_ 2t,.,^ + 2r.j., *l,j„ + t,.,j + )2sdxrf/;.) 

6 + (2adx/A) 
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Hk derivation of expreseiou for comer poioU euch as the above is kft as an 
exercue for (be reader; (be cooductiiif rod analogy is the best method, 
partkulariy for inside corpcr v 


Examplo 16.6 


Choice of numorleoi mothod 


The Ltptocc «)u(ti09 is u elliptic equiiioo end u siKied lo sectioo 16.6 the 
Tecommcndcd Dunencol method in Ibis ease is Ceuss-Sfedei iteratton. 

le (be Causs-Siedel method the grid points ace assigned iniiiil values at 
evety point, then, from the set of equations for the Internal nodes and all the 
surUce points, oew values Cor each point ate calculated point by point. The 
new value at a potnl b compared with the previous velue and the process 
continued until the diSetence between successive values b small compared with 
tbe actual temperature, according to the accuracy required. Provided the 
solution converges Iben tbe complete temperature fidd is obtained. 

thu method u oiled a relaaalioii method because the values of tempe ra ture 
are modified, or relased. at each point in turn to satisfy the equation, which 
then alters the lemperaturea at adjacent points. In general, at any point (t,/) 
tbe value after one heratioo iQ to terms of the initial values b given by 


tij. 




+ (l-ru)l!i> 


«lwrc OP 15 a rdautioa bdor. ^ 

Form ^O.lQ' - llj’. and no relaxation occurs. Forme: 1, equation (16.30) 
applies, which b Ctoss-Sbdel iteration. 

Values of (u betsveen 0 and I will slow down tbe relaxation process, whereas 
for <s > 1 the sdulion will converge more rapidly. It can be shown that the 
solution will not converge for o > 2 and bence a value of w between 1 and 2 
b chosen, deieimiDed largely by experience. Thu method b known es fuccessiiw 
over relaxofitM (SOR). 


A long duct of square erosa-seciion 0,3 m x O.S m b buried in deep soil with 
one of its sides parallel to the surface of the soil as shown in Fig I6,1S: tbe 
centre-tine of ite duct b at a depth of 12S m. Tbe surface of the soil b at 
an equilibrium t em per a ture of O'C, and at a soil depth of ZS m it may be 
auumed that the uniform equilibrium temperature is —I0‘C across the 
horuooial cross-sectioo. The teaiperilure of each side of the duct b 30"C 
end it may be assumed that at a vertical cross-sectioo a horizontal distance 
of ^ m from tbe duct centre-line, the hen transfer vertically downwards 
from the surbee u simj^ one-dimeoskinal conduction. 

Taking a square mesh of side 0.5 m, use a numerical method lo obtain 
an approximation for (he temperatures within the soil to tbe nearest degree,' 
and estimate the heat loss per metre length of duct 

The thermal conductivity of the soil b 1 W/m K. 
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F1(. ld.15 Duct burkd 
ia toil tor Eumple l<kl 


S«if»«(0Xl 6 I O'C 

-rT~i-i—i—I—I—r 


$0)1 

s 

1 , 

1 




iHm 

4 

X 

_L_ 





• 



1 

s 




: 

X 





1 

1 




. 


-i«'C i > 4 5 » 

Vi-- 1 


Solution Al the mtica) aoss-ecclion where the canduction is one-dimensional the 
temperature must var> Itneiriy. hence the tempe ra tures can be wrilten in as 
shown on Fig. 16.IS. 

At the centre-line of the duct (here is thermal symmetry, i.e no heat can flow 
across (he centre-line and hence the temperatures on eithet side of this line are 
equaL 

Number (he grid as shown ivitb columns, I. from I to 6 borieontaJly, and 
rows, J, from 1 to 6 vertically. 

Theiemperatures which are known are as follows: I w I io6,J = 6.1 wO°C; 
I-l, J-3aDd4,< - 30‘C; I - 2. J - 3 and 4. t - »°C; I - I. 2. 3, 4. S, 
and 6. J. 1. 1 - -I0°C: 1-6. J -2. I - -8'Ci I - 6. J - 3, t - -6°C: 
1-6, J-4.1- -4*C; I-6,3-3,1 - -2“C. 

For an other points the lempeniure is given by equation <16.30) 

+ 'oij + iij.i + »i-ij)/4 

Also, from the coodition of symmetry as stated above, the temperature at 
I - 1,3 — 2 is equal to the temperature at I — 2,3 — 2;stmilarly the temperature 
al I - 1.3 - 3 is equal to the temperature at I - 2. J - 3, 

To solve the problem we assign initial values to the temperatures at the 
intensal points and then proceed byitcrutioo, using equation (16.30) for internal 
points, and the values given nbove for the other poinia This is best done by 
computer when the siie of mesh and the required accuracy can be greater than 
those ipedfled in the pr^slcm. To illustrate (he method a procedure is outlined 
in Tabic 16.2 using mental arithmetic only: the flrsi column on the lefl-hand 
side b the set of inilial guesses, the second c^umnisllie flrsi iteration, and so on. 
The (empenture values in brackets for each iteration are taken in the same 
order as ia equation (1630) at each poinL The lemperalures at each point after 
the third iteration are within one degree of the previous value which is within 
the required aceurucy. Note that in this approsimale solution the temperatures 
at each point have been rounded up to nearesl degree and this error will 
be accumulative. 
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In tins type of proUeni the inilinl tetnperalures arc known at all the nodea. and 
the values at the neat time step can be found one by one using equation (I6i33). 
This process is repeated for the nest time step and to on until the required lime 
is reached, or until the temperature within the slab reaches a certain value. 


Boundary condition (turfaca convoeting to a fluid) 


At any instant of lime (he equation tor heat transfer at the surface it (he same 
as that previously considered in section I&7 for iwo-ditoensional conduction. 
Referring to Fig 16.13 (page 388) and equation (16.31 kin this cate the equation 
may be written 

-i **i.'7*‘..> -a(tV-r!> (16.37) 

As b^ttre. the point (I— I) is fictitious nod can be eiuninaled from 
equation (1637) using, in this ense. equatioo |I634k se. substituting for t;., 
from equation (1637) in equation (1634) we have 



It can be seen from equalioD (1638) that the coorlilion for stability is now 
more restrictive. 


in. 


Fo<- 

2-f(2a6x|M 


(1639) 


By sacrificing some eccuracy but retaining the condition for stability given 
by equatioi) (1635), the lerm dtjdx can be replaced by a forward difference 
espression. 


ie. 


~»!) 

6x 


!i(t| - tk) 


therefore 

_ t;., -tladxt^/k) 
^ 1 4 * 


(1640) 


Boundary condition (intulatod fac« or lino of thermal 
aymmotry) 

At considered previously in section 167, at an iruulaied face iillx ii zero and 
hence the temperature at an insulated turfece it obtained ftom equation (1633) 
by putting t;., wi;.,. 

-2fo(r!., -rD + rJ 

for a left-band insulated tutfeee. Note tbit when Fom 0.5 then t|*' •• i).,. 
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surface 



I25x0.03\ 

18.75 


mxft03 . 2 » 125 X a03 K 25 

lt7J '• ItTS 


ihcrefoR 

+ti*‘ -OJfi- 10-;’, 
Le. for Ihc first lirDC sup 


-Z2rj' 

■’ +t 

'.•'-((UxBOO)- 

- 10 - 800 • 

-650 

(a) 

For the internal 

points, using equation (16.43): 



- 

ti*' 


SOO + SOOw 

1600 

(b) 

driv¬ 

ts” 

-tr'-t'. + r',- 

1600 


(c) 

er;*' - 

ii“ 


1600 


(d) 

4ri*‘- 

1'," 


1600 


(e) 

and 4t'j“- 

ir‘ 

-ti*’ = ri-nl 





(using (he insulated surface condition), 

i.e 4i;*‘-2i;*' = 2»i-l6CI0 (f) 

In equations (a)-(r) the kft-haad side rcnuins Ihe same (or esich time step, 
and only the right'baod side must be updated alter each set of cakulaliona 
These equations form the foUowiiig matrix for the ante step, r « 2 min. 


-12 

+l 

0 

0 

0 

0 




-650 

-1 

•f4 

-1 

0 

0 

0 




-1-1600 

0 

-1 

+4 

-1 

0 

0 




-I-1600 

0 

0 

-1 

•►4 

-1 

0 




41600 

0 

0 

0 

-1 

+4 

-1 




4 1600 

0 

0 

0 

0 

-2 

+ 4 




4 1600 


This matrix, which has a large number of zero values, is called trsdiagonal and 
may be solved particularly easily on a computer by Causstan tllmlnailon. The 
temperatures r^, ti, and tj are thus obtained at time, r * 2 min. These 

values an then substituted in the right-hand sidea of equations (a)-<n and a 
new matrix obtained for (he lemperatuns at time, i - 4 min, which is solved 
in the same way. The solution proceeds thus until the ibne, r • l4mto, as 
specified in the probien. 

Note: The Gaussian elimination tnethrxl of solving a set of simultaneous 
equations is the traditional method tau^l in school for stdving two or three 
simultaneous equations; unlike iterative methods it leads to an exact solulioiL 
In the above matrix the cocflicteni of in the Gni row is put equal to — 1 by 
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dividing the equnilon bj 12 ; this row is ihcn subiracicd from cbe second row 
(bus elicnineting from the second equation. In the modilied malris is then 
climioalcd from (be third row in ibe same way. and so on until an equation 
for (j is obtatned in ibc last row. The value of (5 is then buck substituted into 
(he preceding row 10 give and I 4 (ben hack substituted into the preceding 
row to give ( 3 , and so on until all the temperatures arc found. Subrouiincs are 
available for solving a iridiagonal matrix by Gaussian elimination as described 
above 


16.9 Forced convection 


The study of forced conveaion is concerned with the irunsfer of heal between 
a moving fluid and a solid surface. In order to 3p[riy Newton's law of conling, 
given by equation (16.3). it is necessary to find a value for the heat transfer 
cocfRcicnl. a. It is staled in section 16.2 (hat 1 is given by a/d, where ^ is the 
thermal conductivity of (be fluid and d is the thickness of the fluid film on the 
surface. The proUem is then 10 find a value for d in terms of the fluid properties 
and the fluid veiodly; d depends on the type of fluid flow across the surface 
and (bis is governed by the Reynolds number. 

The Reynolds number is a dimensionJess group given by 



a 

V 


where p is the fluid density. C the fluid mean velocity. / the characteristic linear 
dimension, q the dynamic viscosity of the fluid, and v the kinematic viscosity 
of the fluid, q/p. 

The various kinds of forced conveclioo, such as flow in a tube, flow across 
a tube, flow across a flat plaie. etc. an be solved malhcmaiially when certain 
assumptions are made with regard to the boundary conditions. It is exceedingly 
diSicull 10 obtain as exact maihrmutical solution to sudi problems, particularly 
is the ase of turbulent flow, but approximate solutions an be obtained by 
making suitable assumptions. 

It is not within the scope of this book to approach the subject of forced 
convection fundamentally. However, many of the results used in hut transfer 
arc derived from experiment, and in fact for many problems no mathemulial 
solution is available and empirkal values are esteniial. These empirial values 
an be generalised using dimensional analysis, which will now be considered. 


Dimensional analysis 

In order to apply dimensional analysis it is necessary to know Irom experience 
all the variables upon which the desired function depends. The results must 
apply to geomelrially similar bodies, therefore one of the variables must always 
be a characlerislic linar dimension. 

Consider (he dimensional analysis for forced convection, assuming that the 
ellecu of free conveclion, due to diflerences in densily. may be ncgtecicO. It is 
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or energy in general, are giitn by 

(Force X i)i$uiioe|a<inars x acceleraiion x disumce) 



Since hea( i$ a form of energy il can be seen Ihal there is no need to choose 
heal as one of the fundafnenini dimensions. If (he dimension, ff. isomilled. end 
(he units of beat are ceplaoed by ML‘IT‘ whenever (hey occur, then four 
dimensionless groups ate obtained 

(S)} 

Now if the group C^/cAr is divided byfy — 1), which is a constant for any one 
gas. and if dr is replaced by the absolute bulk (emperaturc of the gas. T. (hen 
we have 


ue- 


£1 

eT(7-l)’'7RT 



where a is the velocity of sound in the gas and Afo (be Mach number, see 
section 10.7. 

Hence. Nu - K’F((Fr). (Ael. (Afo)’} (16.70) 

where K' is a constant 

The inOucDce of (he Mach number, Afo, on (he heal transfer is negligible for 
most problems. For high-speed 6ow however, targe amounts of kinetic energy 
are dissipated by friction in the boundary layer near the surface, and the Mach 
number an important parameter. 


Reynolds analogy 

Reynolds postulated lhai the heat transfer from a solid surface is similar to ihe 
transfer of fluid momentum from the surface, aitd hence that il is possible to 
express the heat iransfer in terms of the Crictiooal resistance to the flow. 

Consider (urbuleni flow. It can be assumed that pan ides mas, n. transport 
heat and momentum to and from the surface, moving perpendicular to the 
surface. Then on the average 

Heal transferred per unit area. 4 > dscdl 
where cb Ihe speciftc heal capacity of the fluid and dr the temperature diflcrence 
between Ihe surface and (he bidk of the fluid. Also, (he rate of change of 
momcDlum across (be slrcam b given by 

ififC - C.) -mC 

where C b the vdodty of the bulk of (he fluid and the fluid velocity at the 
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surbcc -0. Then 

Force per uaii area •• t, • nC 

where t. it the ihetr tires in the fluid at the wall. 

Cocnbirtiog the equaliont for heat flow and tnoineotum traoiier, then 

i !i 

cir” C 


or 



(1651) 


For turbulent flow in practice there it always a thin layer of fluid on the 
turbce in which viscous effects predomiiiaie. This fllrn it known u the laniinat 
sublayer. In this layer heat it iraniietTed purely by conductioa 
Therefore, from Fourier's law, for unit area 



where i is the thermal cooductiviiy of the fluid and y the disUoce from the 
surface perpendicular to the surfoce. Abo, for viscous flow 


Shear stress, r = 9 x (velocily gradient) 
Hence the shear stress at the wall u given by 



where if is the fluid viscosity and C the fluid vcloaty. 

Now since the laminar sublayer is very thin it may be assumed that the 
temperature and velocity vary linearly with the distance from the wall, y. 


i.e. 




where is the ihieknest 0 ! the laminar sublayer, 

Then elimittaiing neglectiog the minus sign, we have 

iAr'flC 


i.e, i 


r.Ar 

nc 


It can be seen that this equation b identical with equation (1651) when 
k 
n 


le. when 


or fV -1 

A 
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Example 16.12 


ihcrefore 

id 

“«46.8 

i 

U, 0.0737 kW/™*K 

04325 

Mass flow air - I X a025> x 30 x 0.73 • O.OIOTS kg/s 

Hncc 

HoalraxivedbythCBir - "Mia, - la,) 

-0.01075 X 1027 X (270- 15) 
-lOISkW 

Also, from equation (16.3k 

g-i.4Af-18I5kW 

Ar, - All <250 - >5) - (280 - 270) 


ln(Ai,/Al,) ln{(280-I5(/(2*0 - 270)) 

Then 6 = 2.815 = 00737 x 77.9 x A 
therefore 

A- ^ _a«o.' 

00737 K 77.9 


s 77.9 K 


Therefore 


Tube koeth s • 6.24 m 

t X 0025 

Prora e^uatioo { I6.57)i 

£i 

? oAi 

Ihcrefore 


^^2.815.30x30 
1.027 X 77,9 

Pumpiog power « 51.7 W 


Id e 25 mm diemeter tube the pressure drop per metre lengih is 0.0002 bar 
at a section where the mean velocity t$ 24 m/s. and the mean specific heat 
capacity of the ps is 1.15 U/kg K. Calculate the heat transfer coefheieot. 
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Solution 


T, * 


For 1 1 m lenfib 

it o 0.0002 bar 
From equatioa (I6.M) 

ifi 10’ X 021002 K 25 
4 “ 4 X 10’ 

Then from equa(ioi) (I6.S2) 

r. 2 X 0,12? 

■'"<^’/2r pc‘ 

AUo, from equabOB (I6J4) 

„ / . » 2x0125 

'"2 ‘""pcC’ 2pC> 


0125 N/m’ 


iherefore 


^^0^, OI25x,.l3 ^ 

tC‘ 24 

Heal tiansfer coefficiest - 0005 88 kW/m’ K 
= 5.88 W/m’K 


Various modificalioRS have been made to the rimple Reynolds analogy in 
an allempt lo obuin an equatioD whidi will give a soluboo for turbulent beat 
transfer over a wide range ol Ptaodll numben. (For very viscous oil the Prandtl 
number is of the order of thousands, whereas for liquid metals it may be as 
low as OOl.) Equations based on modem ibeories M turbulent flow give the 
Sunton number as a fuiKtion of the Reynolds number, the Prandtl number, 
and the (nciion factor, and in general these equations reduce to Sr w //2, when 
the Prandtl number it put equal to unity (tee (or eiampie references 16.1,16.3, 
and 16.51 Colburn found esperimenuUy that for a wide range of Prandtl 
numbers 

StPr’’’ - f/2 

The term, StPr’'’, is known as tbe Colburn y-bctor. 


Large temperature differences 

When the temperature difference between ibc surlaoc and tbe bulk of the fluid 
is very high, then tbe property variationt become large enough to be taken into 
cotiaideratioa It is then no longer sufflcieot to utc a mean film temperature to 
evaluate the properties, as given by equation (1649). The variation of each 
property with tempe ra ture across the stream must be known; sometimea it is 
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tMMrr\p\9 16.13 


SoM/of* 


sufikienlly accurate to use an equation of tbe fom 

when 7^ iDd 7^ are the abaoluie irenperaiures at the aais of the pipe and at 
the pipe wall reapeciivcly. and fluid properties are lalien at the mean film 
tempentutc. 


Entry Isngth 

The equations for flour in a pipe do not usually atlowfor the eflects of the entry 
InpiA. At the entry to a healed lube the hydrodynamic and thermal boundary 
layers start to build up on ibe walL gradually thtekening until the flow tKcomes 
JitUy intlopeJ. In this initial region of the tube the heat transfer coefficicoi is 
much larger since the resistance to beat flow of the boundary layer is less, and 
hence an equattoo which aeglecu Ibis eflect will givealow value for the calculated 
heat transfer. The cfleci is more marked for laminar flow than for turbulent 
flow, aod is much more important for fluids with high Prandtl oumbers. In 
most heat exebang; processes the flow is turbulent and the lube length is 
suffleienUy long to make the entry length effect negligibly small. In the case of 
oil coolers the fletw is lamliur, Ibe Prandtl number is high, and hence the entry 
effect may be appreesabte 

When flow across a flat plate b considered the characteristic dimension of 
length b taken as the dbtance Ifom the teading edge, and the heal transfer 
coeffldeot obtained b then (he local value at that section of the plaie. The 
average value of the heal transfer c oeffici en t over the whole plate b the value 
to be used in calculating Use beat transfer to or from the plate. It can be shown 
that the average beat transfer coefltcienl for a healed plate over a length I b 
twice Use local beat transfer coeffics e nt at a dbtaisce I from the leading edge. 


Air at 20‘C flowing at 25 m/s, passes over a flat plate, the surface of which 
b maintained at 270’C. Calculate the rate at which heat b transferred per 
metre width from both sida of Use plate over a diilance of 0,25 m from the 
leading edge. For heal transfer from a flat ^aie 

Nu-0.332(fV)‘'» a («»)■" 

where Use cbamcierblic linear dimension b the dbiaoce from Use leading 
edge, and all pn^erUcs are evaluated at mean film lempeiaiure 


Mean him te m pe ra ture ■ ■ I4S*C * atg K 


Taking the values from tables of properties air. wc have 

Cl 25 a 025 X 10’ 


Pr-0607 and — 


18 


223214 
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Note (hdt 9 ■ 931 ln/•^ eod 

«._J__Lk-. 

17 + r3 290 

Substituting 

Nil - 0J3(37i7 K I0‘ X a«S6)'^ 

-37.7 

Le. Nii-y-37.7 

^_372xW3Sj^ ^0.00913 kW/a.>K 
0.13 

Then from equaiion (16.3) 

^>1.4(1,-0 - 0.00913 xsxais X 1 x (277- 17)- l.lI9kW 
Lt. Heat lou per metre kngib — 1.119 W 


Exampla 16.1S 


Solution 


Recalculate ibe beat transfer coefficient for Example I&14 using the 
approximate equation 



10* < Cl- < 10' 


where a is in W/m* K. Ar is in K, and d is in m. 

( 277 - 17^‘'* 

—-l.32x(1733)"*-1.32>6.45 
ie. Heat transfer coeSdeDl - 052 W/m* K 
(compared with the more accurate value, 9.13 W/m’ Kk 


For natural convectloo from a vertical wall the air in rising due to the 
convectioo curreols builds up a boundary layer, starling from the bottom and 
thickening gradually up the wall The heat (ransfer coefficient varies up the 
wall, and the (omulae for beat transfer from a vertical wall give the local heat 
transfer coeffideol at a distance, I, from the bottom of the wall, where the 
characieritlic linear dimension to be used in the Grashof number is the feogth, f. 

It can be shown that Ibe average heat transfer coefficient for the wall from 
the bottom up to the dislaoce. I. b given by 
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where 3„ is the average heal (ransfer coeffident, and a the heal transfer coefficient 
at the section distance. I, from the bottom of the walk 
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Example 18.16 A vcfikal surface 1 Diliighisa(ateinpefaluieof627°Casdihealmospberic 
temperelure is 27 'C. Calculau the rale a( whidi heal is lost by coDveclion 
from the surface per metre width. For natural convection from a vertical 
surface take 

a.I,42(^y'* for 10* <Cr< 10’ 
or 3-1.2181''* for 10 ’<Cr< 10'* 


•here all properties ace at the mean film temperature, and 0 - l/X where T 
is the absolute air temperature, a it in W/nt* K, Ac in K, and I in m. 

Solution The Grashof number in such problems has the same Umiiini function as the 
Reynolds number in fluid flow. For tbe lower range of Grashof numbers the 
flow of air due to natural convection remains laminar on the wall surface, 
whereas for the larger Grashof numbers the boundary layer on the wall it 
lurbuleot. It can be seen from the second equation above, a - l.JIAr''*. that 
when the boundary layer is turbulent tbe beat transfer coeflieieot is assumed 
to be the sariK at all puts of the walL since a no longer depends oiuhe distance. I. 

Mean film temperature — 0.5(900 + 300) — 600 K 


Taking properties from tables, sve have 

1 X 9.81 K 1’ X (327 - 30) 
f’ ~ 303 X (5.12* X 10'*)* 


385 X 10* 


where 


30 + 273 


I 


Hence a - 1.31Ar‘'* = 1.31(327 - 30)''* 

-1.31 x667 = fc75W/ia*K 
and Q- srfAl - 8.75 x I x I x (621 - 27) - 5250 W 
U. Rate of heat loss per roelte width - 5.25 kW 
Note: expressions for 3 as above give average values. 


18.11 H«At aKchangprs 

One of the most important proo essci in engmeering is the heat exchange between 
flowing fluids. In heat exchangers the temperature of each fluid changes at it 
passes through the exchanger, and hence the temperature of the dividing wall 
between the fluids also changes along the length of the exchanger. Examples 
in practice in which flowing fluids exchange heat are air intercoolers and 
preheaters, condensers and bmlers in steam plant, condensers and evaporators 
in refrigeration units, and many other industrial processes in which a liquid or 
gas is required to be eilber cooiexi or neeted. 
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Substituting in equttioo (I6.S9) 




nDdit/Al 


ihercTore 


L)di 

Imegriling between secliont I end 2 

where / b (be (ou3 length of (he lube. 

Now from equetioo (16.6^) 

(' I , » A ai,-ai, 
V^a'a 3 

Hence substituting in equation (I6.M) 
itOI(/(d>, -di,) 

-3- 


(16,64) 


-(£)■ 


3- 


nDI(;(Af, - Alj) 


(16.6$) 


to(4r./Ai,) 

In LhecaaeofcDiioter-Bowfsee Fig 16.16). (tolb temperature and temperature 
ti decrease in the direction of Ibe length I In place of equation (1661) we 
therefore have 

- -A.(CAdt4- -r^Cidti 

When the same procedure as for paraOel-flow is carried out equation (166$) it 
again obtained; this procedure is left as an eierciae for the reader. 

Compering equation (164$) with equation (16$). li • VA{l, — !■). it can 
be seen that the mean temperature diflnence. AT. ia gives by 


dfuW 


At, - At, 
lnlA<,/A;,) 


A/a. is known as the hgvttkmic menn temperoxure Hfferner. 
Then we have 
Q m VAM^ 


(1666) 


(1667) 


where A is the mean sut&ce area of the tube. xDI. 

There are several important pointa that should be mentioned here: 

(i) When one of tbe fluids is a wet vapour or a boiling liquid ihea its 
temperature remains coostanL Assuming fluid A to be a wet vapour, then the 
temperature variations arc as shown in Fig 1617. It follows that under these 
nrcumstances the variation m temper a ture of fluid B is the same whetber the 
flow is parailel.flow or counter.flow. 
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Fig. 16.17 

ToDpeniiiue vtniugai 
wlUi leafUi wiili one 
fluid coAdcQtIni or 
boiLng 


Eximpl* 16.17 



(iO 10 60Udtcr*flow the Icmp cra turc range possiUe i. greiler, since, in theory, 
(he fluid betog heated can be raised to » higher temperature than that of the 
beating fluid at exit. In paiaUel-flow the final temperatures of the fluids must 
be somewhere between (he initial values of each fluid. This should be clear from 
Fip lfi.I«|a)aod 

(iii| When the product in;.c,( is equal to tfigCg then the temperature difference 
in counter.flow is the same all along the length of the lube. This must be the 
case since the beat given up by fluid A is equal to the heal received by fluid B. 
Referring to Fig. 16.16(b), we have 

“AeaffA, - tA.) “ maCeffi, - 'a.) 
therefore 

('a, - 'a,) = Oa. - ta,) or (»a. - 'a,) = ('A, -'a.) 
ie AT = At, - A>2 

Note Chat if we attempt to substitute b equation (16.66) under these 
drcumstances, (hen the result is indelenninale, 

U. Af,.- .±.°. 

ini 0 

The proof of the logarithmic mean temperature diffettnee given previously Is 
not valid when Ar, is equal to Aij, since d(Ar) is (ben zero. 

fiv) From equation <16A7|, ^ “ UAA!^. it can be seen that, (nr a given 
surface area, A. and a given mean value of the overall beat transfer coeRicient. 

V. (hen (be logarithmic mean temperature difference, Af|,. must be made as 
large as possible. It is found (hit for given temperature changes, Afu is always 
greater for counier*flow than it b for parallel-flow. The initial (emperilurc 
difference. At,, b greater for parallel-flow, but tbe value of Af^ is always less. 
It follows that for given rates of maa flow of the two fluidi. and for given 
temperature changes, (he turfice srea required b less Cor counter-flow. 

Exhaust gases Bowing through a tubular best exchanger at the rate of (X3 kg,‘s 
arc cooled from 400 to 120*C by water initially at 10*C. The specific heat 
capacities of exhaust gases and water may beialieo us 1.13 and 4.l9kJ./kg K 
respectively, and the overall heat Iransfer coeffkieni from gases to waler is 
140 W/m‘ K. Calculate the surface area required when the cooling waler 
flow b 0:4 kg/s, (i) for parallel-flow, (ii) for counter-flow. 
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exchaciier 
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Tbe coirectioi) bclor is oiuluplicd &)> the ■rilhmelic mean lempeniuK dilTercnce 
to five <be inie vsJue of AT When Ibe tempenture diflertnen al inici and 
ouilet are Do( ubtianiiaJ]]' dilTereoi, it is a suffidenil)' good approximation to 
use the ahihoKtk mean temperature diRcrcncc. ie. 


Af,- 




(16.68) 


It has been shown in Exam[de 16.17 that the surface area required for a 
given heat flow is smaller with counter-flow than with parallel-flow For 
cross-flow the required surface area is between that for parallel-flow and 
counter-Bow. As with counter-flow, the outki temperature of the heated fluid 
in cross-flow cao be raised to a higher temperature than the outlet temperature 
of tbe cooled fluid fe.g in Fig. 16.20. r^ can be higher chan i|): this is not 
possible in paraOd-Bow. 


Multipass and mixsd-flow racuparators 


The simple parallel-flow and counicr-ftow heal exchangers discussed above 
occur very rarel; in practice. To obtain the necessary surface area with a simple 
lube and annulus arrangemeDl (he length of the lube may be too large for 
practical purposes. For instance, in Eumple I6.17(ii), if the tube diameter were 
ISO mm, the length required would be 




3J7 


aP sxaiS 


w7.ISm 


In order to make the heal exchanger more compact, which is desirable from 
space considerations, and also to reduce the heat loss from the outside surface, 
it is necessary to have several lubes and perhaps several passes or bundles of 
lubes. The flow can be eitlier cross-flow, or a mixture of parallel-flow, 
couoter-flow. and cross-flow. The latter case is called mixed-flow, A typical 
example of a shell-lype mixed-flow heal exchanger is shown in Fig 16.21. The 
analysis of a mixed-flow heal exchanger is complex and correction factors have 
been plotted, which must be used to evaluate the mean temperature difference. 
The logarithmic mean temperature difference in counter-flow is evaluated and 
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Fig. 1L21 SheU-ud- 
lube beu excbea^ 



thea muldpUed by (be correctMo hctor. CorrcctioQ fmort for mm types of 
mixed-flow beat exchugen an pvcn m rtl 16.6. Note (bat when one of 
(be fluids is a condensing vapour or a boikog bquid (beo the mean temperature 
diflereoce is the unw whether the beat exchanger is paraUd-flow, counter-flow* 
aoss'flow. or mixed>flo«. 

In certain beat exdtangen of the multipass type, tbe mean temperature 
diflereDCe for coufiter*fiow or parallel-flow can still be used as a reasonable 
approximation. For example^ tbe beat eadkanger in Fig 16^ is esseotisUy a 
counter-flow type. Tbe la^er tbe number of passa made by fluid B then tbe 
nearer tbe beat exchanger is to pure counter-flow. 


Pig. 16.2i Multipass 
■hcU-»Bd-(ub< heal 
eicbaager 
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Fouling rosistance 

In most heal exchangen the fluid flowing ia not completely free from dirt, 
oil. greaae. and chemical depotita, and a coating tends to collect on all metal 
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lurfaoo. This increases the resisunce to heal iransTer and must be allowed for 
in design calculaiions. Il is usual to allow for the cflect of this coaling of din 
by adding a ybuling resisiniice to the total thermal resslance. Typical values of 
fouling raisianoefor I m’ of surface area are: 141 K/kW for fuel oiI:0.6K/kW 
for river water; and 0.2 K/kW br boiler feedwater which has been treated. 
Facility must be provided for easy periodic cleaning of the tubes. For a 
comprehensive treatment of process heal eachangers see references 16.6 and 167, 


Extonded aurfac* recup«rators 

Another fonn of recuperator which should be mentioned briefly is the 
rxlmded nnfact type. The metal wall containing a fluid to be cooied can be 
eatended on the outside in the form of flits, studs, or ribs. Examples of Ibis type 
areibe finned boi-waier space-beater Isomeiimes misnamed'radiator') and the 
air-cooled cylinders of small air compressors and IC enpnes. The fins on the 
surface give a larger outside surface area for the same internal surface area, and 
hence increase the cooling effect for a given volume Details of compact heal 
exchangers are given in reference 168, two exam^es are shown in Figs 16.22 
and 16.24. A simple aisalysis of run-around coils used for energy recovery (see 
section 17.$| is given in reference 169. 



Regan erstors 

In the various types of recuperator described above, the hot and cold fluids are 
separated at all times by a metal wall The characteristic feature of a regenerator 
is that the fluids occupy the same space in turn or ace in contact with the same 
matrix in turn. The fluids used in regenerators are nearly always gaseoui When 
(he hot gas occupies the space, it gives up heat to (he walls, or to solid matter 
distributed throughout (be spice.calkd a matrix. The hot gas is then withdrawn, 
the cold gas enters the space and is healed by the walls and (he matrix; the 
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Fi^. 16>24 Compact 
plat? heal exchanger 


Ul (bl Coraptete una 

process U a cyclic one and analysis is complex. In order to have continuous 
operation it is usual to use two regenerators with hot gas Oowiog through one, 
and cold gas flowing through the other at aoy instant. When the flows are 
switched fcom one legenerator to the other, the hot gas is cooled while the cold 
gas is heated. The pciiod of time between the switching of the flows must be 
chosen to give the required Heat transfer between the two gases. This type of 
generator is shown diagrammatically in Fig. l6JSla). 


Fjr. 16.25 Two types 
of regenerative heat 
etc hangers stationary 
(at and relating (b) 
mairkes 



Ftoe 

8 U 
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ADOther method used is the rofoiin^ mulru type, id whkh u cylinder 
coniaining solid inserts b routed so that it passes alternately through cold and 
hot gas streams which are sealed from each other. An exam^de of this type of 
regenerator b the Ljungstrdm air pre-heater for boiler rumaces, shown 
diagranunalically in Fig. 16.25(b). 

There are otany appUcalions for regenerators, from air pre-heaters in blast 
furnaces to heal exchangers in planis for gas liquefaction. One application of 
the rotating matrix type which b becoming imporuni is in energy conservation 
(see section 17,5) 
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In heal exchanger design the efficiency of the heal transfer process is very 
important. A method due to Nussell and developed by Kays and London (or 
compact heal exchangers (sec reference 16.8) is described in Ihis section. 

The tfftclhmea, e, of a heat cichangcr is defined as (he ratio of the actual 
heat transferred to the maximum possitde beat transfer. 

For any heat exchanger with mass flow rates of bot and cold fluids, rkn and 
nic. with spedftc beat capacities, Ch and Cc. ki the overall temperature changes 
of each fluid be (Cy, — 1 ^,) and ((g« fci) where subscripts i and e refer to inlet 
and exit 

Neglecting beat losses to tbe sunoundings: 

6 » «nCH(»iti - rH.) = wettf'e - fctl 

or 6 - Cy(f,y-!„.)-Ccftc - ki) (16.69) 


where Ch * ^ (hermai capetistfs of the hot and cold 

From equation (16.69) it can be seen that the fluid with the smaller thermal 
capacity. C. ba& the grtaier temperature change. The maximum possible 
temperaturechafife of oneof the fluids IsIXh^ - utd this ideal temperature 

change can only be aspired to by the fluid with the minimum ihennal capacity. 


Le. 


t 


a 

c«(t„^ - »c_| 


(16.70) 


The object of a well-detigned heat exchanger b to obtain the maximum 
posuble change of lemperuture of a fluid for a given driving force, that is for 
• given logarithmic mean temperature dillcrtnec, dfy. Hence another useful 
measure of tbe efficieney of a beat exchanger b l)>e number of transfer units, 
defined ns 


N 


!• 


Tenpeniure of one fluid 

__ 


Hence we cun write (or tbe hoi fluid 


N. 


dly 
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F1t.16J7 

TempentuR vtriaUons 
tn a couBier*flow beat 
exefaaafer 



TrOD equMioo (16.70) 

^ ^ 6 ^ Cm(*ci •" ^ ^ci ~~ to 

* ^ feu) * - fa) * fHi ' fa 

From equadoa 0^71) 

.. VA Jc. - Icj 

cZ*“A?r 

From equation (16.66) 


(16.741 


Af^- 




l“{(«m-tei)/('m-‘o)) 

N,- iJsiZJsl -tollSiZic. I 

f, dm - tH,) - Ik, - >ct) _ I (tw, - to) - (Ici - «C,) ) 


Ibereforc using equauons (1673) and (1674), 

[(•ci ~ '«)/•) ~ del ~ 


14. 




I -n-oji-* 

'l-Re-"-"-* 


(16.7S) 


Note that for a counlci-Aow heal eichanger when Ch ~ ^c< >4. - 1 (say 

for a gas turbine beat exchanger), then the expression ter efiectiveness cannot 
be obtained by substituting A - I in equation <16753 For this case the 
ternpentuxe change of each fluid is the same, since Ch-Cc. aod henco 
U equal to the lemperature diflereoce betweeo (he hot aod cold fluids wh^h 
reroaiits coiutaot throughout the heal exchanger. Equation (16.71) is theretore 
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ExampI* 18.18 


OiU 


So/ut/an 


writteo u, N„a(<ci — Icjl/C'ai ~ Cci) and the derivation then proceeds as 
above, giving 



(16.16) 


For a panlki<now hear exchanger i( can be ahown that 

I _ e-xj'**! 

1 * R 


(167?) 


When X a 0 in the case of a eonderuer a), then it can be teen from equation 
(1615) or equation (1677) that tbe eflectiveneat it 

ca|-e'*- (1678) 


A tingle-pata thdl and tube counler-Sow heat exchanger uses watte gat on 
ibesbell tide to lieat aliquid in the tubea. The waste gas eaten at a tenperalure 
of 400’C at a mass rale o(40kg/ti the liquid entert at IOO*C at a 
nuts flow rate of 1 kg/a 

Attuming that the vdocity of the tiquid it rrot to exceed I m/a using tbe 
data tielaw calculate: 

(i) tbe required number of tubes; 

(ii) tbe effeedveness of tbe beat exchanger; 

(iii) the exit temperature of the liquid. 

Neglect (outing factors and the thermal resistaiice of tbe tube wall 

Tube inside diameterw lOmm: tube outside diameter • 12.7mm; tube 
length •• 4 m; tpecafic beat capadly of waste gu** I.CHU/kglC; ipedfic 
heat capadly of bquid - 1.5 kJ/kg K; densily of liquid - 500 kg/m’; beat 
transfer eoefficient on ibeihefl side w 260 W/m’ K: beat iranifer codScient 
on the tube side - 580 W/m* K. 


(i| Volume flow rate of liquid - — - 0.006 m*/i 

p SCO 

iberefoR 

Tout croai-teetiontJ area tor a velocity of I m/i - 0.006 m’ 

U. Number of lubes • ** * _ 7659, say 77 

n X 0.01 ’ 

Note; the veiocily in the tubes is then less than 1 m/t as required, 
(il) From equation (1658), taking into account the areadillereDce, 


UAa 


aode * Ml 


where subscripts 0 and i refer to the outside and inside of the tube. 
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-aOM04m‘K/W 


The ovenil belt iraasfer coeSideDt. V. it referred to Ihe oultide area which 
it Ihe usual practice in heal ezchaster design. 

-L 

‘ 260 * 580 X 10 

since d,/.4| - 

le. (fa 165.68 W/o’K 
Then Croni equation (16.71) 


i.l + A. 

V *» «,d, 


Wa- 


165.68 X * X 0.0127 x 4 x 77 


3 X IJ X 1000 


0.452 


Also 


3 X 1.5 


-0.1082 


40 X 1.04 
TTien (rom equation <16751 
1 

*” 1 - He-''-"-*'! 
Le. 1-0.358 
(in) From tqualioa 0^74), 

'u- 100 


1 -€ 


.04UaU*l| 


-ai 082 e-'’‘"''’*’'‘ 


e = a358 = • 


400-100 


where it. is the esii lemperaiure of the liquid 
i.e. lt,-(300 xa358) + IOO-207.4’C 


16.13 Extendod surfaces 

From equation (1667) it can be seen that for a pven heat transTer coeffident 
and given fluid leinperaiurct the heat transfer can be increased by increasing 
the heat transfer aiea. One way of dmng this is to increase the area on one side 
of the heat exchanger by adding flat or studs which project into the fluid; the 
efleciive heat transfer area is thus incteased. 

The thermal resistance on either side of a heat exchanger is I/x4, therefore 
when a is very large the resistance to beat transfer it low and hence there it no 
advantage In increasing the area. One of the fluids usually hat a much lower 
value of a than the other and hence the resitunce on this tide of the heat 
exchanger cooirolt the heat transfer. It is therefore on this side that the area 
can be extended with advantage. (The resistance of the separating wall is usually 
small compsued with Ihe resistance of the fluid film on either sidel 

Heal transfer coeScienu arc very high for coodensing and boiling fluids: 
they are generally higher for liquids (ban for gases, and generally higher for 
forced convection than for natural convection. A typical application for an 
extended sur&ce would therefore be natural conveclioD to air. 
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A.simplified amlysis dow follows for ao extended ooe-dimeasional surface 
in ihcst^)' state; for a fuller lieatmenl (he reader is referred to references 16.1 
and 16J. 

Consider ao extended surface adiich has a consiaot cross-sectional area. A, 
which is small compared to its length, L, so that heat transfer along it u 
one-dimensional (see Fig l&2S^ 


nglUa Extended 
surface of small 
crosS'ieclion in a fluid 
of constant temperature 



The rile of beat transfer at any section, disunce x from the primary surface, 
where the temperature is t, is given by 



and at a section (x + dx) from the primary surface is 

6-e + ^tlx-e-Ad^dx (16.751) 

ex ix‘ 


Fot a pettmeler, F, and a beat transfer coeffideni, x tssumed constant with 
temperature and uniform over the surfoce, then 

Heat loss from surface a afdxft - t,) 

where r^ is the (emperature of the surrounding fluid, assumed uniform and 
constant Tberefoie, for the steady state 
<J-(J’wiiFdx(t-t,) 

Subsliiuiing from equation (16.79). 
d’l 

•U^wiF(r-t,l 

dx' 


d't «P, . „ 

or ___,.-r ,)-0 

The solutioQ is found by puttinp 0 ~ 


d'(r-r,) 

dx’ 


ii’e“" therefore ni’e" - —e“ -0 
iA 


(16.80) 
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-‘Sr 


The solulioD it therefore 

t-t,-C,e" + C,e-“ (16.»l) 

where C, and Cj ere coeiuau deiennined from the boundery coaditiont: 

(i) «i X aO. t-(, • I, - I,-, ihercfoieia eqi>etion<lt.ll). 

t,-i,aC,-fCa (lfi82) 

(li) el the end of ihe eitended turbes (he hen convected from the end it equal 
(0 the heel cooducted et (he leclioB * ••L, 

Astumiog the ume beat tnnder coeffioeot, Ok for the end (ben 


From equalioa (16.81) 


■nd (* - * C,e-^ + 

Subnicutuig in cqiuDon (16.83) 

+ ‘-nCit-^ + nCje—^ (J6.84) 

From ajuntioos (16.82) nad (16.84) ibe vnlum oi C| nod C) can be fouDd> nod 
bence ibe soludoo to equation (16J0) is 

(e*“‘" + e-"-") + -2;(e“-" - e'-*'-") 

I-I, _mi_ 

(e- + e—Jt-lle^-e--) 

aii 

g 

coeh m(i. - z) ■»■ — tinb m{L - z) 

or -=- ('6-85) 

'' cod) mi. + — linh mL 

mi 

Note: coeh ml - (e^ + e"*^)/! and liiihml —(e^-e"*^)/?. 

At the eitd of the extended eurface. at z -1 

52-^-- - - (16.80) 

li-ip ooth ml + (a/mi) tmh ml 

The beat trander from (be extended wrface. whteb it the tame u Ibe heat 
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leaving the pnotaiy suiface to Ibe fin. ii gives by 



By diflerenUiting equatioa (1&8S) uhI pulling a •• 0, it can be ihown that 


6 , 


-a4(l,-Ir) 



{I +(a/mi)(aiihiiii.} 


(16.B7) 


From equilioD (16.87) it can be seen lhal when e/irU«t then. 
(}, a »Ail, - (p), whidi ii the heil lots from the primary luiface wilfa no 
ealended surbc^ Le. when i • net an extended tarfiix of whatever length, L, 
will not increase the heal transfer frmn the primary sur&ce. 

For x/mi. > I then < cd(l, - Ip) and hence adding a secondary tuitee 
reduces the heat transfer: Ihe sur&ce added acts as ao Insulation. Tot a/mi < I 
then > sd(rj - ip| and the extended suiface will increase the heat transfer. 
This is iHustrat^ in Fig 1629. 


Fig. 1629 Heat 
Iransler against tcngUi 
for various values 
a/mi 




Hence assuming a/mi < 1 the heat transfer becomes more effective when 
a/i is low for a given g e o metry. 


Approximatt and condition 

A simplified approach is possible by making the approximatioa that the lost 
of heat (com ibe tod of the extended suiface is negligible, Le. at x - L 



Therefore in equation (1681) 

--Uiii(C,e"-C,e-"‘)-0 (1688) 
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Solviog for C, and C, from equaliou (I64I8) and (I6J2) wt have 
I - I, coiba»H.-;r) 

I,-tr coih mL 
Then at X — L. 


h-ir _ I 
I, - If cosh ml. 

The heal iransler froni ihe eiiended surface is ihen 


(16.90) 


^1 w ml.4(l, — l,)UDhml. (16.91) 

Id mosi cases in practice the approxunaie eipressions given by equaiiotis 
(1689)-<l6.9I)can be used iosiead of Ihe more accurate eapiessions given by 
equations (I6is}-(16.87). 

In the important case of compact piate^fin beat exchangers where corrugated 
plates ace s^wicbed between flat platca(see (or exaaipte Fig 16.23. p. 621), 
then the expressiotis given m equations (t6.g9)-( 16.91) are the accurate ones, 
in this case the fin bridges (be two hot surfaces whidi may be assumed to be 
at the same lempetaturc; at the mid-point of the fin the change of icmpemluie 
with fin length is aero which corresponds to the condition of zero beat transfer. 
In Ihe equations (16JI9)'<1&91| the half-width, w/2. is substituted for the 
iengtb, L 


Rectangular section fins 


For a fin of rectangular CTOia-sectioo on a ifiane surface as shown in Fig 1630. 
the perimeter, F, is given by (2 + 26) per unit Iengtb in the z-direclion, and the 
cross-sectional area, .4, is given by 6 per unit length in Ihe r-direction. 


]”-er 


06.92) 


Fit 1639 RccUBiuUr 
croM*seciioD An on t 
l^ne lurftce 



Also 



where the Biot number, Bi. U based on the halT^thickoess of (he hn. 6/2. 
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ins Thagoybody 


FI|.1«J4 £mbsi^ 
power Againii 
wavdeoftb for t blocli 
body and a non^bUck 
body 



emissiviiyii pncticaO; cornual over thdOMire wivtbaod le.^ rlale). To simpli/y 
calcubuons. turfsces io practice arc m> c^en aagmed ib have a consiani 
emiasivity over all wavdeogths and for aU lemperatures. Such an ideal aurfacc 
b called a gny body. Tben. for a grey body, all lemperaiures, where a 

and c are ihe toial ahaorptivity and the lotal embsivity over all wavelengths. 

It is aa nperimeau] fact Ibai the craissivv power of a body increases as the 
temperature of tbe body is increased. This is illustrated in Fig. 16.35 in which 
(be emissrve power of a blade body per unit wavelength is plotted against 
the wavekogth in niicroiDeires, for several t em p era tures. It can be seen that the 
wavelength which gives maximum emissive power becomes smaller as the 
temperature b increased, and hence more and more of the energy emitted is 
radiated over the shorter wavelengths as (be temperature increases. The value 
of the wavelength for maumum emissive power is given by Wien's taw 




2900 

T 


116.97) 


^ IB micromelres arnl T is in K. 


Fig, I6J5 Embiive 
power spimi 
wavelength for a black 
body at vahoiu surface 
temperatures 
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Ift.17 tjmbart'i Inv ind th* fi«on>«tr1c factor 


Example 18.21 Calculate tbe rate of heat loss by radiation from unit ratface area of a body 

at llOO'C in Mack surroundinfa at dO'C, when the cmicslvity at 40*C ia 

0.9. and the einiasivity at I lOO’C n as ia Biampk 16.20; 

(i) when the body is grey with e = 04; 

(ii) when the body is not grey. 

Assume that the absorptivity is independent of the surface lemperalure. 

Solution (i) As in F.sample 1620. 

d>ce(r;- ri)w 04 x 5 . 6 I x(13.T3‘ - 013 *) 

><80380W 

ie. Heat loss per square metre by radiation - 8038 kW 
(ii) As in Example 1620 

Rate of energy emission = 0.4 x J.67 x 13.73* - 80598 W/m’ 
and Rate of energy absorption = 0.9 x 667 x 3.13* = 489.8 W/m‘ 

Le. 4 - (80598 - 490) = 80108 W 

Le. Rale of beat loss per square metre by radtalton = 80.11 kW 
TTierefore (be grey body assumption overestimates by 

/ 80.38 - 80ll \ ^ 37 .^ 

\ soil / 

It can be seen from Examples 1620 and 1621 that the grey body assumption 
gives a very accurate approximation when one of the icmperaturcs is small 
compared with the other. The assumption also gives a very accurate 
approximation when both temperatures are small. 

16.17 Lambert's law aitd the ge«metric factor 

Most surfaces do not emit radiation strongly in all directions; the greater pan 
of the energy cmiiied is in a direction normal to the surface. Before centering 
(he interchange of energy between two bodies which receive only a pan of the 
radiation emitted by each other, it is necessary to find out how the radiation 
is distributed in the various directions from the two surfaces. In order to do 
this the liuensfly ofradtallon, i. must be defined. The rale of energy emission 
from unit surface area through unit solid angle, along a normal to the ratface, 
is called (he inttnsity of iiomef radiation, 1^. The inleiuily of radiation in any 
other direction at any angle d 10 the normal b denoted by i,. (Note: a surface 
subtends a striid angle at a point distance r from til points on the surfuce. equal 
10 the surface area divided by r‘. The surface of a sphere b fur’ and hence the 
solid angle subtended by the surface of the sphere at its centre is 4c.) 

The variation in (he inleosily of radiation is given by Umbrri't cosine low 

f, = foCOsd (16.103) 
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The rate of eoergy emision from a sutfara of area tiA It then given by 



de 


f'lg. 16.3T Radiation 
from a small element to 
a hemuiphcre 


J dw iA 

where dw is t small solid angle. 

Contidet a small area dd. and consider the radiation from dd which 
passes through a small element of the surface area of a hemisphere with dd at 
its centre, as shown m Fig ld.37. The elemeot subtends an an^e d at the centre 
of the hemisphere and the small increaM in angle over the width of the dement 
is then dd. The width of the element is the length of the arc. of angle dd, and 
radius r lie. AB in Fig 16J7X Therefore 

Width of element. AB - rdd 


The radius of the dement is CA • r sin d-Hence the lurfacearea of the element 
is given by 


Surface area - Iwidth x circumference) • rdd ” 2itr sind 
ie. Solid angle, dw. subtended at dd - ^ 


ie, dwM2xsinddd 

Hence the rale of total energy emission from dd is given by 
h dd = j* dw dd = J dd l,23t sin d dd 
Substituting from equation (Id.IO)), I, w i^cosd, then 
EdA ^ JitdAij^^ cosddnddd 

or £dA^2MdAiit^ ‘ ^ ^ dd * nf^dd 

Now from equation 116.99) 

£ - «r‘ 


Therefore 


ceT'dd - aiMdd 


/ 

II 

r, 


\ 


dS, \ 


rig. I6J8 RsdiAlion 
inl«rchan|£ 
two small surfaces In 
large surroundings 


U. fw-— (16.104) 

s 

Consider iwo small black surfaces of area dAi and dfl] at temperatures 
and 7], and diMance x apart. TIk angles of inclinalion of surfaces are as shown 
in Fig. I6..^S. This is a case where neither body receives all the radiation from 
the oiber. Let the surface dAj subtend a solid angle dw, at the centre of the 
surface dA ». Then ure have 

Rate of energy emission from d4 1 incklem on cos dw, dX| 


MO 



1&17 lAw •nd tiM 9*efn«trie fvctov 


From e^uaiMM (I6.]04)» iff a dT**/*, for a black surface, therefore, 

_ . ... cos dw, d44id7^ 

Rate of energy iDCideftl oo 44^ •- -—•—•—• 


Also, from the definition of solid angle 

i' 

Hcncc Raic of coetgy iocUkol oo d<4. • 


co,^, co<4.d<4| d.4,«7^ 


Now (be rate of total eoetty enissmn fran d.4, aaiA, 7^. The ratio of the 
eoergy Incideot on the secoDd body 10 the energy emitted by the hru u called 
the gtometrlc factor. F|.j, 

coi di CO, di d^i d^.oT^ 


ft: 


therefore 


ai’edd.Tt 
cos COI d<ti 


(16.105) 


Id the same way it can be sbowo that the geometric factor for radiation from 
scr&ce 2 to surface I is given by 


Fr-i 


cos cos d<4, 


(16106) 


The net rale ofertergy ialerdiaoge between the surfaces is given by 
dg,-r- ^cced,co.»,dd.dX, ^^_^^ 


This cao be written as 

or de,i-f,.,ddj«(r:-T}) 

The geoniettic (acton Fi-i and fj-i can be found by a double infegtaiion 
ofcqualion$|l6l05l and II6I06); this can be done analytically or graphically. 
For a larger area made up of Brrall aieaa dA, aod iA,. average geometric 
(■non can be dcAned in the same way as above. 

fi|.J-Fi.irfre(Tl-7l) (16107) 

aod 6i.i-fi.i-4,e(Tt-r}) (I610S) 

From equatiotta (16107) aod (16100) it can be seen that 

(16109) 

TTiis is linown as the rcciptoctl rdatiooship or theorem of rec i p r o ci ty. 

Id practice calculaliog F on be a long arid diflrcull process escepiror simple 
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F%. liM Eleclikal 

AiiAjof)r for radutioD 
from bcdy I cocloicd 
by body 2 


For I grey body, ihe radiotiiy mun lodude the rraclkin of energy which it 
reflected Crom Uie surface, 

LC. J - ibT* + p6 

Abo, for a grey body, c • a • I — b, negleeii&g iraoimitiivity (see equalioa 
<I6.9J)V Tberefore 

J-eof*+ (!-«)(> 

^ J-taT* 
or V •- 

1 -t 

A I 

or (16.111) 


For any two bodies 1 asd 2, tbe geomeltK factor. F|^, b the fraction of 
radiation A,J, which b ioiercepled by body 2, 

ie. - -< 1 ^i-iJ| - j-iJj 

Using equation (16.109) 

6,.,.d,F,.riA-,»,) (16112) 

An electrical analogy can be used based on Ohm's law. For euunple. froiB 
equatioo f l&l II) 

Resistance due locmbsinty of surface = -—- (16.113) 

eA 

where (} b analogous to current and (or* — J) it analogous to potential 
diflereoce. Similarly, from equation (16112X 

RrtbtsntT due to geometry -—— (16114) 

A,F|^ 

Take the simple case of a body 1, completely encloeed by a body I 
Figure 1640 shows tbe eleariea] irtalogy. 

Total train inrr, Rt “ * *' + —J;— + * ** 

A,Si AiFi-i AjSj 


Alto in Ibb ente. Fi^ • 1. Ibarcfore 






«X71-71) 

«T 

!-«■ 

4 ,«. 


A.>(Tt-T1l 


(l/i,) + (,(,M,)((l/a,)-U 

I i-». 

4,Fi.> dit] 


(16I1S) 


er; 
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Then from equtiOD (16.] 15) 

^ oirt-r*) 5.67 X (3.13* - ?7.gS) 

Rj ~ 20.176 

U. g,.F - 5.09 W/m* 

Therefore 

Percentage fejuctioaia bat lOM » ’* 

»96.7% 


li can be seen from the above eaample that a maierial of low emiuivity an 
act as a very efficKot radiabon shield. This is used to advantage in many cases 
in practice (ag. tadiatioo shields Ibr ibenaocouples and thermometers). 

For Ibe case of body I small compaied witli body 2 then A,/Ai -> 0, Le. 
from equation (16115) 

6i-j = *idi«(r} — 1^) 

Note that this equation apfdies even if body 2 a not black, the reason being 
that a negligible amount ^ the energy reflected from body 2 is intercepted by 
body 1 because it is small compared with body 1 

When more than two eurfeiees exchange beat then an equivalent electric 
circuit can be drawn unng the espreasions for remstaoce given by equations 
(I6I13) cod (16114). For the case shown in Fig. 1642 a body 1 exchanges 
heat with body 2, the surroundinp 3 being at a diflerenl temperature. 


Fig. 1642 Three 
surfaces escbaegmi 
cadiiiicn 



The equivalent circuil is shown in Fig 1643 with the resistance!, poientials. 
and currenu u shown. Applying Ohm's bw to each pan o( the network we 
obtain six equations, 




4,1, 

4,*, 

1 -ys ,(*-*s) 

J ~J . 

4j«* 

4|f|., 

1 1 ‘‘ 1 

J - '• 

j r * 

4jF»., 


666 



HMt Trinvftr 


Combining the above equations to eliminate and we have 

ft743i, + a068/, + 0.515/.-e(Tt- rj) - 5.67(16* - 7‘) 
>a}58 X 10° 

and 0743/, -f 0.833/, >«(T^ ~r|)w 567(16* -3*) W 0.371 x 10° 
and 0.515/, •(■0.068/, welTl-r}) •5.67(3*-7*) > -0.0132 x 10° 
Abo 

l,-u + If h-li- U and /,-/. + u 
Eliminating /,. /,, /, and f. we may cakulaie /,, 

U. r, >0^36x10* 

Therefore 

Heailossbyradiatioofroinmolienmetal>0.336X I0°W 

-336kW 

If'm the above eiampk the sides ol ibe vessel were well insulated rather 
than cooled, (hen (he equivalent drcuit would be as shown in Fig 16.45. This 
is a much simplet case: the equivalent resistance of the circuit can be calculated 
directly since there b no flow of'current' outwards or inwards at T,, 

Le. Equivalent resistance ■ 0743 -I- -:-r 

(1,(0.515 X 2)1-f (1/0.8331 

-074340.461 - 1.204 

Fig. 1645 Eleeirical 
analogy for 
Etjunple 1624 




4 ' 




t, s, 




Therefore 


5.67(16*-3*1 
1.304 


0 308 X 10° W 


ie. Rate of heat loss by radiation from metal surface - 308 kW 

in this case the temperature of surface 3 will not be 427‘C as before. The 
'current' flowing from I to 3 is given by 


308 X 


0461 
2 xOSIS 


137.9 kW 
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ihercforo 

9(71- T*)- 137.9 K 10’ » 0513-0.0710 x 10‘ 
T\ .. OJniO X 10‘ 

10* “ 5.67 

iherefore 


T,- 1059.5 K-786.5 "C 


16.19 Heat tranefer coefficient for radiation 

A heac traiulcr CMfRcient for radiation, a,, it lotneiinies dcRned analogously 
to (he heal transfer coefficient, a, for convection. 

Front equation (16.107) 

6i-i = Fi 

-F,.jA,a(rf + TiMT}-rj| 

•e- 6|.I-fi iA,<r(rf + 7-iMT, + T;)(r, - Tj) 

For coDvectioo heal iraufer. we have, from equation 416.3). 

Hence, comparing the (wo equations, we can write 

Fi .<r(T; + T:|tT, + T.} (16.116) 

Therefore 

0-j.A,(16.117) 

l( should be Aoied lhai Tor consective heui Uutufer from a surCacc of surface 
area A, the loial surface uitu A is used io the cukulaoon. as in equation { 16.3). 
In radiation heat iraoskr from the same body the area of the surface envelope 
must be used. 

Example 16.25 A ribbed cylinder of ouutdc diameter 0.6 m is ui a lurCuce lemperuiarc of 
260'C in Urie surroundings at 20 C. Cukulaie the heal transfer codticient 
for radiation.and the total heat loss rale due to radiation and convection. The 
cylinder h 0.9 m long and U made of cast iron of emis&ivity 0.1 The surface 
area of the Kbbed cylinder k 5in^ and the heat Iracufer cocllicicni fur 
convection may be taken as 6.6 W/m^ K. NegJcci end effects. 

Sofuffon Si nee t he cylinder is small compared wit h the surrou ndi ngs. t hen f | ] I. Then, 
from equation i 16.116) 

X.-S,/. .tfirf + riHT,+ r,) 

U. i. = 0.gx^x(533’ + I93’K533 + m) 
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whcr« r, a 2^ + 273 » S33 K. and T, « 20 4- 273 - 293 K. 

Le. s,>I347W/m*K 
Then, from equtiioo (16.117) 

RtleofheitloobyndulioD •• gi,.4|((, - (j) 

> l}.S7 X X X 0.6 X 0.9 X (260 - 20) 
>5650 W 

U. Rale of heal lou by radialioo > 5.65 kW 
From eqiiaiioa (163) 

Rale of heal lose by coorection • m4(<, - r) > g j x 5 x (260 — 20) 
U. Rale of heal loaa by coavcelioo > 10S60 W > 10.56 kW 
Therefore, 

Rale of lou) beat lose - 5.65 + 1656 - 1621 kW 


16.20 Gas radiation 

In the ptoblcRu considered in ihe ^evioiis seciioDS on radiation ihe etfeci of 
ihe transmission of radiation through the gaseous atmosphere has been 
neglected; some radialiim will be absorbed by ibe surrounding gases in such 
cases, but Ibis is normally so small that i( can be neglected. Certain types of 
gases are iranspaienl to thermal radialioo; (hesc include inert gases (e.g. argon) 
and gases with symmelricdialoinicDotecuks(eg oxygen and nitrogen). Hence 
for radiation between surfaces in Ibe normal atmospheric environmeni the effect 
of the surrounding gas can be ignored. For gases with certain types of asymmetric 
mokcular structures (e.g carbon dioxide, carbon monoxide, sulphur dioxide, 
nitrous oxide, and water vapour), radiation is absorbed from, and etnilted to, 
surrounding surfices. Due to the rotaiiooal and vibreliona) motions within any 
gas molecule, the radiation absorbed is dependent on the frequency of the 
radialioo iiriklog ibe molecule. Absorption snd emission of radialioo in gases 
is therefore selective, occumng in only eertain bands of wavclenglha 

When considering radialioo within t furnice, or any endosure containing 
combustion gases, it b necessary to allow for Ihe absorption of radialioo due 
10 Ihe presencaofCO,.H]0. and perhaps CO andSO]. A simplified procedure 
for Ihe calculation of absorption and cmissioD of radiaiion in such gases was 
first suggested by Hoiid; ibis is summarized in the chapter on radiation written 
by Hoilcl in reference 16.16 Also indiided is Ihc radiation from names made 
luminous by Ibe ihermal decomposition of hydrocarbons. 


The greenhouse effect 

The scKmUed greenhouse effect on Ihe earih is caused by the absorpliun of the 
sun’s rays by gases, mainly carbon dioxide, in the atmosphere. The greenhouse 
effect is essential for Ihc survival ofliCe on the planel since without it Ihe earth’s 
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where x is the disieiice to laeuo measured from the inside surface, and ff is a conitaDt 
depeudenl oo the pmma raditlioii. 

The maiimum temperature diJIenoce in the coi^eie is to be bmited to a K, 
and it may he aasunied that the outer surface is well insuialed. 

Calculate the maximva allowable ratue of the famina radiation on the Inside lurfece 
of the coociele in eraiti per srpiare mett^ 

(6gW/ni>) 

Id.lb (al'flie lentperature-irtne history of the cratre of a larp slab of material initially at a 
cotulant tenperaiurc which ta suddenly pjunfed mlo a fluid al a dlllerem temperature 
can he shown to he given by 

—■ - 2 f ,->a/r. 

M ..I (p.L) + iiu(p,L|cos(p.f.| 

■nd 

Where b Ibe tacpentim di5erencc at tunc t. between (be cenm cf the 
tfab ihickiMA and the lurrouadai fliod; the teoipeniuie diflerenee between dab 
and fluid umkbO;; fp the Fourier niunbert Kt/ir’; k ihe thermal diffiuiviiy of ilab: 
L the half'ihkIuwM ct liab; Bi the Biot number, sL/i: > tbe beat iraocfer coeArieiit on 
slab rur&cn; aod i ibc tbermaJ cooduetivity of deb material 

Show ibal for a case where the 1nap«ature of (be flab lurfices u approximately 
equal to Ibe fluid lempenture (I& a ^ ml and for a reasonably lon^ lime period 

Afi R 

(b) A Urte slab of rubber of tbickacp 40 mm is vukanimd by heatid^ the (sees 
ufutf fleam at 330 *C. Tbe reqidred temperamre ai tbe centre ra ]30*C and the rubber 
is initiaUy ai 20*C Cakatate (be tioe required for Uk protxae: 

(c> usmf tbe method of <a) abo*B; 

(n) ussni a ouncricaJ method 

Tale K for rubber as 615 a 10'* mVx- 

(2M mio) 

16.13 A lar^e metal plate ef ibiekneif 200 mm is inhiaUy at a uoUenn temperilure of 20^C. 
One lurfoce of tbe plate b in eontaei with ambient air at a constant letnperaiure of 
20”C while the other surface may be gpoaed to • constaoi net radiant beat flux of 
lOOlW/m’ from an electric ekmeot. 

<i) Asumiod as aa approxituiioii that tbe plate teRiperaium ii uniform ihrouibout 
at any iofiaai.calculaieihe takca for the plate to reach 7D*C from ibe ioiiaol 
tbe eleciric efeoeni la e witebad on; 

Id I estimate the temperature diitnbution ibrough tbe plate ihteknees 9 mm after ihe 
ekneat 0 switeba 00 usla| a numerical method with four space increoients and a 
Fourier number of 05. 

Dal* TVmal cooduetivity of plate. 45 W/m K: density of plate, 7800 kg/m‘; ipedfle heal 
capacity of plate. OJ U/kg K; beat tratnfer eocAoenl from plate to air, 200 W/m’ K. 

16.85 mia; 48‘C; 54 *C; 9i*C; 162 X; 274 *0 

18.14 The waD of a large vessel is 50 no thiek and h ioitaJly at 115 *C ibroughouL A bot 
fluid at a ctmsiant temperature of 500 'C is suddenly pumped acroo the inside surface; 
the outride niriace otay he awuawd to be perfotly insulated. Using a nureerical rnethod, 
determine the tme taken for ibepuKtioa of wad and insulation to reach 1I0*C. 
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wtcer Ro« nie is 1400 kg/h. T&kiog ibe spedfk beai capbdty ci water as 4.19 l^/kg K, 
cakulaie: 

(I) Uk required pipe teoftb for parilld*llo«; 

(n) ihe required pipe lenfth for coeBUr*flo». 

ll,4|in; l^m) 

1A.2S lo a chetBieal plam a k^uIkm of deiuiiy MODkg/m^ and ipedfic heal capaaiy 
4.6U/kg K is 10 be heated from 65’C to lOO'C; ibe required Ao» rale of mIu1»o is 
11^kf /L (I is desired to use a tubular heal escbanfcr. the soluiiod Aowlng at about 
12 myi IB 23 mm bore iron ivbcs, luid hang bcatod hy wet steam at 11S*C The length 
of Ihe tubes must not oeeed ).5 m Taking ihe ifu^ $M outside heal t ra nafer eoelTicKAta 
II 5 and 10 kW K. and oegtecting the ihermal resuiioee of the tube wall estlmaie 
Ihe number of tubes and the number of tube passes requind. 

(U;4> 

16.20 An oil eagine developa 300 kW and the specific fuel consumption is 0.21 kg/kW h. The 
eshaust from the engine h used in a tubular waier beater, flowing through 25 ram 
diameter lubei cmenag with a velodty of I2m/i at 340*C and leaving at 9Q*C. The 
water enters the healer at lO'C and leavo at dO'C flowing in counter* 60 % to the hot 
gsaea The air-fbai ratio of the engine is 20 . and tbe eahausi preoara is 1.01 bar. The 
ovetalJ hat transfer coeSideot of (he bai eicbanger when designed is fouad to be 
56 W/m’ K, but after njaning for some dme a foubng factor of OJ ai^ K/kW musl be 
assumed. Taking the spedAc bat capacity and the gas constant for ihe gases as 
l.llU.'kgK and 0J9kJ/kgK. and (he speedk hot opacity for the water as 
4.i9U/kgK.calcuUte: 
fi) (he mass Oow rair of water; 
fd) the number of lubes required: 

(iiij the required lube length. 

11096 kg/b; 110:1.457 ml 

16.27 In an air cooler the air is Mown acroci a bank of tubes at the rale of 240kg/h al a 
vdoaty of 24 m/v the arr enteriag at 97 and laving at 27 The cooHog water 
eniers ibe lubca at lOX and laves at S)*C> ai a mean vdodiy of (k 6 in/i The luba 
are 6 mm diameter and the wall thidiiMss may be neglected. Tbe heat transfer coefficieni 
from the air 10 the tubes may be cMculated from 

with propenies al the mean bulk tcmperiture. 

Tbe heat tracufer coefhoent from ihe water to the tubes 11 given by 


I ♦fW '^iJlel '•iftr- II 

where / * 0.0791and propenies are 11 ibe man bulk lempcraiurc. 

Assumrng tbit the lubes are arraoged la six passes, and that the logariihmic mean 
temperature difference for couni«t*now can be assumed. caJculaie; 
fi) tbe number of luba required in eaeh pass. 

I ii) tbe necessary lube lengih. 

4 7; 0.528 ml 

19.8g A (wo>pau shell'aod'lube hat exchanger is used '^ndense a chemial on ihe shell 
side at a rale of 30kg's al a salaralkiB itmperaiure of 60"C. The chemicaJ enters as a 
dry Miurated vapour and is ool undercoofed tfunng ihe process. Water at tO’C' and a 
mass Oow rate of 100 kg/s is available as coolant: the vdocily vf the water is to be 
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(r» ihe acta ceapenture of lAe refractory waUi of the funuct. aaauming lhai these are 
well tosulaied. 


IIC09kW;667X1 


1149 K circular pbte of radius Oil m is at a tenperature of 500m a large room, the walls 
ofwhxb treat lOX. TVair io the room nata mean tecnperature of 15 *C A small, 
sphenokl ihemocoupk junetKMi b plared at ■ dUtancs of 0.1 m from ihe centre cpf the 
pUte. Show that the temperature recorded by the tbertnocoujA b approeimaiely 100 X. 
The heat transfer coeffiderti from the theneocoupk to the air b 25,6 W/m* K. and the 
plate surface may he assumed to be Mack for thermal radiation. NegUei conduction 
through the tbennocoupk leads. Tbe gcomeUK factor b g»vcn in Table 16.5 
11.44 Ad electrk beater 25 mm diameter and OJ m long a used to heal a room Calculate the 
electrical input to the beater ohen the bulk of the airin the room b at 20‘C. the walls 
art at ]5*C. and the surbee of ibe beater b at 540 *C. For conv-eciive heat iraiufer 
from the heaier, assume ihai 


Nu - a4(Cr|''* 


where all properties are at mean 61m tempt re iUTe and /I a 1/71 where TK Is the bulk 
temperature of the air. 

Take the embaviiy of the beater sur^ce as 0.55 ami assume ihal the surroundirtgi 
are black. 

(491 W) 

164S Calculaie tbe radiation heat tnnsfer coeffiocm for the flat j^le tn Problem 16,20, 
assumiag that the surroundings are large and are at tbe air lemperaiure. and compare 
(hb with the heal transfer coeflkieai for eonvection. Take the embsivity of the plate 
surface as 0.6. 

(26.75 W/Ri>K; c,/s« 1.05) 

16.46 Cakulute tlw cadiatioii Ivat iraiufef coeffioent for tbe ventcal wall in ProUeoi 16.21, 
auumiag that the mUl radiates Into black surroundings al 15 *C. and the embsivlty of 
tbe wall surface ts 0.95. Compare this value with tbe heal transfer coelficient for 
eonvectsoD. 

(69S W/iD<K: s,/a •1.521 

1647 A hol'Watcy beaier 150 mm wide by 1.2 oi long by I zn high b at a surface temperature 
of 50*C in surrouodiogs at 20*C. The waHs of tlw room are at 15 *C. The surface area 
of the heater a 7 and (be beat iniufrr cocfScwnt for eonveciion is given by 

sw l.3l(Arl*'’ 

where 3 b in W/m* K, arHl At b m K. 

Calculate tbe rate of heat iranefes from the heaier. Take the eausiiviiy of the beaier 
as 0,95 and aieume that ii u oompleidy surrounded by black surroundings. 

11.545 kW) 
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The Sources, Use, and 
Management of Energy 


Th< fflotl common source of hcit energy is ihc chemical energy of substances 
called fuels whsch is released upon the combustion of the fuel in air as described 
in Chapter 7. Tuds sudt as coal oil. and natural gas are created by natural 
processes deep donn in the earth after many thousands of years and as such 
are described as noR*renewabk foescl fuels. Howeser Urge the world's resources 
of fossil Fuels may be. they are being consumed at a high rate and one day the 
fuel resources •'ill become so depleted that the normal existence of 
energ>'depeDde[ii countries uiU be seriously disrupted unless other energy 
sources have become available on the scok necessary to meet world demand. 
The fossil fuels arc also sources of chcmkal substances to be used, other than 
as fuels, in the iDanufaciure of goods such as plastics or chemicals for agricult ure 
and aitima] foodstuffs. A comprehensis'e understanding of the supply problem 
Includes all natural products iiKluding fuels. Many warnings have been given 
over tbe yean about the world rate of fuel consumption and the prospects of 
a fuel shortage, but eacb tune the crisis has passed and the world has continued 
on its way. hopefully more aware of tbe importance of its energy sources, the 
need for the elTideni use of fuels and materials and for long*lerni planning for 
the future. 

In the early 1970s the od industry warned users that the ciponcnual growth 
in oil comumpiion. which was doubling every seven years, could not be 
sustained. In 1979 the oil supplien doubled the prke of oil and shocked those 
countries, including the UK and the USA, which had based their industrial 
economy on the dieap oil available from the Middle Eastern countries. In 
equivalent costs In dollan per barrel of oil the relative costs of fuels In 1978 
was: Middle East oil U; North Sea oil S.y, Imported coal (north*west Europe! 
8.3: indigenous eoal (north*w«st Europel 11.3; nuclear 7.6: imporicd natural 
gas 15; natural ps from indigenous coal 24.3; biomass (crops grown for fuel! 
43; solar hot water 4a 

The increase in the cost of oil In the late I97(k resulted in a fall in demand 
and a world'Wide recession in the manufacturing induslries leading to a 
considerable conservation imh ooly oi fuels but of other basic manutBCiuring 
materials such as iroit. tin. ainc. aluminium, sib'er, gold, (cad, and copper which 
are also in ftnite supply. 



Th« Source*. U*o. ond MonoQomont of Energy 


ll was caiimaied is 1973 ibai by the mid-I9tK)s the worid oil consumption 
Mould be three times u much u it actually became and the electricily 
consumption would be twice aa much. Instead there was a surplus of oil*taokert 
and bulk carriers, the demands on oil refineries and power stations decreased 
and so did the demand for tieel, cement, and buildini materials. leading to a 
further reduction in the demand for energy. During this period the UK became 
an oil- and naiural-gaa-producin| nation due to the exploitation of finds under 
the North Sea. 

A greater awarcneu of the value of natural resources grew in the mid*1970i, 
and probably an even greater one lor the influence of the cost of fuels on 
manufactured goods, for it was realized thataneffioeni use of fuels could afliwt 
industry and sociely substantially in relation to basic costs. 

A cheap supply el energy does not encourage an economical altitude to 
energy use and methods of energy conservsiion. but the balance between 
demand, supply and cost is one which can change rapidly and must be kept 
under constant review by oaiions and their industries. If the balance of sup{fiy 
from various sources is to be changed, the technology required to make (he 
change must be evailable and a new technology can take a long time and need 
high inveslmenu. Since the 1970s a greater interest in altemadve sources of 
energy has grown, many devdopmenls have been made and considerable 
research has laken place, but by the mid-19805 no alternative solutions to 
exisdng sources had appeared (hat made any real impact on the energy scene - 
other than those for nuclear energy which began in the UK in the 1950s. The 
dmeloptneol work done once the 19706 on alternative forms of energy may 

show benefit io the future. 

The following secdoos will cover some aspects of energy supply, demand, 
use. conservatioa and management, cte. but such a wide-ranging subject cannot 
be given a comprehensive IreatmeDl io this book and readers are advised to 
pursue the subject by reading some of (he many specialist texts (referenee* 
I7.l-I7.4k and the current reports of government departments and research 
inidtudoni. such as the Research Councils. 


17.1 Sources of energy supply, and energy demands 

The primary source of energy is the sun from which all of the earth's energy 
rtquimncni is finally obtained. Only a neglipMe fraction of the daily need la 
obtained directly, even ioduding (he secondary tupplici from power generation 
by winds, waves, and rivers. The vast majority it obtained from ihe combustion 
of fossil fuels including coal oik natural gas. peat, wood, natural waste, etc. and 
a lesser smount from nuclear reactions. Additional known sources of energy 
are the (idea and the natural geothermal gradient of (he earth, ll has been 
estimated (hat the amount of tolar energy lolling on tha earth in three days it 
equal to (be known fossil-fuel reserves of the world. The sun is an ample provider 
of energy for the earth: the problem it how to coUeci and tiore solar energy 
so that it can be released in the right lOtm to meet the world demand for beat 
and posver. 
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is for irasipon, lubtkstioii, bitumen, tod chonical feedstocks, none of which 
cin be repUced by other energy sources. The breskdown of the UK energy 
suiiitics gives: iodusuy, 42K; tnnsport, 24%; domestic snd business, 3J’/t. 
Industry covers sU products nunulactuied for borne use nod for export, elecirical 
power, igricullure, iron and steel, tunterinls mnoufecture, food, general 
engineeriog chemicab, leitiles. paper, bricks, etc. Transport covers road, rail, 
water, aod air. Domestic and business covers heating lighting cooking private 
vehicles, and entertainment. 

Forecasts of energy resources aod energy usage on a world-wide basis are 
fraught with diRculty, but the essential fan remains that all fouil fuels will 
eventually be consumed. Other energy sources mutt be found and energy should 
be used mote efheiently. There it a widespread acceptance of these facts and 
many countries ate tmplesaeniiog energy policies and encouraging research and 
developmeni work to contribute to snenergy-efRcieni future. The following list 
of factors shows the complexity of the problem; 

1. The world-wide dislribulioo of fuel resources it very dilTerent from the 
paiiem of demand for energy. 

2. The accessibibty of fuels and the cost of exploration. 

3. Diflerent countries have diHerent energy siluatioos, e.g Switzerland is low 
in natural fuel supplies while the UK is silling upon large reserves of coal, 
oil. and gas. One country may therefore have to develop new technologies 
as an urgency, but another may rely on cheap fuel supplies and neglect ics 
technology. 

4. The effecl of the demands for ene^ by the developing countries. 

5. Supplies from diSerent parts of the world are subject to political attitudes 
and (he poblical stability of supplying nations. 

6. Distant supplies arc vulnembk to energy action and sabotage. 

7. Storage capadty is limited. 

I. Demand is not really eoniroUed and is subject to variations over Ihc day 
and over tbe year. 

9. Govemmenldecisiofucanafrecl the demand for and provtsion of basic fuels. 

10. Changes In technology are not easily regulated to need 

11. The growing unpopularity of fuels that may pollute the environment. 

II The price of fuel is an important feature in its selection, but (his is subject 
very much to (be world mtrfcel forces. 

13. Although 'alternative methods' c4 power generation and heal supply are 
altrectise in prindide, and il is essential to know what they can offer at 
part of energy policy development, (here are good reasons for supporting 
extsiing method of energy sunily based on fossil and nuclear fuels, such 
as (he following; 

(a) the resources are known to a reliable extent; 

ib) the technology is established and (he economics are understood, i.e. the 
cost-demand balance and bbour needs are known; 

(c) there is a reasonable variety in form (gas. solid, and liquid), use and 
main features; 

(d) fundamental to all considerations is the high polemial energy per unit 
mass of the fossil and nuclear fuels. 
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The eombusUoo (ir is tuppUed (hrough < nozzle ctuilng (he lir (o iwirl tod 
benee the coal mulure also. Water tubes art immersed in the fluid bed whieh 
absorb beat directly and conlrol tbe teoperalute of the bed. The heat transfer 
rate it good due to the swirling movetneat o( the charge. The fluid bed is 
convective in action also at in coaventiontl combustion. 

At the combustion temperatiire, 800-900 *C. the sulphur combines with the 
Umettone to give a dry waste product which is disposed of with the ash removing 
80-90% of the sulphur contcni. The NO, emission level it low because of the 
low combustion temperature. Dust particles are removed by cyclone separators, 
ekctrotiaiic predpitaiots. and Rliera. 

The ailraction of the fluidized bed coal-fired boiler it the relatively low price of 
coal, particularly the lower quality grides which it bums very well. The capital 
outlay for such a boiler, the ash and coal handling equipment, conlrol and 
maintenance, etc. is higher than that of an oil- or gas-fired boiler. 


17.2 Conibinnd eyeiss 

In conventional power plant there is a considerable wastage of energy due to 
the heal rejected which is not usefully used. One way of making the power 
production more eflscsent is to use a cycle combining two power units with the 
heal rejected from the first supplying heal to the second. Many dlRerent types 
of [dant have been considered, including binary vapour cycles in which two 
vapour cycles are arranged with the condensation process for the high- 
lemperaiuie cyde providing the heal supply to the evaporator of (be 
iow-icmpcralure cyde: diScrent fluids have been used, usually steam and one 
other, but such [daots tend to have high capital costs compared with tbe overaU 
improvesnent in edkiCDcy. A more direct approach, with eiisiing proven 
technology, is to use the gns and steam turbine cydes in combination. The gas 
turbine is the highcr-iemperaiure unit and the gases leaving (he turbine are at 
a sufRcienily high temperature to be used as a source of heal for the production 
^ steam at a suitable pressure and temperature. Figure 17.3 shows such a 
combinatton using a doied-cyde gas turbine unit, and Fig 17.4 shows a more 
common arrangement with an open-cyde gas turbine unit in which (he exhaust 
gases pass directly to the steam generator. The open cyde unit also allowi the 
burning of further fud in the enbausl gas stream in the generator since 


FlglTJ CInsed-eycle 
gas turbine plant 
combined wuh ■ aceim 
plant 
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Exampla 17.1 


Dtn 


Solution 



the nir-ruel ratio of n gas lurbioe is high and there is suAictent osygen in the 
turbine esbausi lo sustain further combustion. 

The overall thermal efficiency is increased and since the initalled cost of a 
gas turbine per unit power output is less than that of a steam turbine, there 
ere obvious economic advantages. Disadvantages of a combined cycle are the 
greater compleuty leading lo loss of flexibility and reliability: the gas turbine in 
the past has also used a more expensive fuel although more and more turbines 
are rww operating cm naturai gas which improves the economics of the overall 
plant. 

A combirted power plant consists o! a gas turbine unit and a steam turbine 

unit, the exhaust from the gas turbine being supplied lo the steam generator. 

U»og the data below, neglecting the mass flow rate of fuel, feed pump work, 

and all pressure losses, calculate: 

|i) the cycle efliciency for (he gas lurhinc cyde; 

(ill the cyde effiekney for the steam cycle if (he heal supplied in the 
generator were supplied by an esiemal fuel supply; 

(iii) (be mass flow rates of air lo the gas turbine and sleam to the steam 
turbine: 

(iv) ibe overall ejGciency of (he combined cycle. 

Pressure ratio for the gas turbine cycle, t; inlet air lemperelure to compreasor, 
IS’C; maximum cycle lempcratute for gas turbine cy^ gOO‘C: icmperature 
of gases leaving sleam generator, IdO'C: sleam condilioiu at entry lo turbine, 
20 bar and 400°C; condenser pressure. OflSbar; total power output of the 
plank SO MW; iseniropic efficiencies of air compressor, gas turbine, and 
steam lurbioe. SOVl. 82%. and 80% respectively: e, and ■/ for (he combustion 
pscs, I.IlkJ/kgKand 1.23). 

(i)The gas turbine cycle is sbown in Fig 17.S(a|. 

n.-T.lFs/P.I"-'" 

where T. - 15-y 273 - 288K. 

Ti.»288(8)»*’’‘ = 521.7 K 
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unit 6yd« and 
iieam pUot cyck ( b) for 
Exampk l?.l 






(bl 


08 


where T, = 800 + 273 = 1073 K 

T*. » l073/(8)®^»"‘ ’” = 638J K 
therefore 

T.- 1073 - 082(1073 - 638.31-7105 K(443-5'C) 

Then Work output. - W" - c„(r, - T,) - c^lT, - T,) 

- I.MII073 - 7165)- 1.005(5801 -288) 

- 102.2 U/k( 

and Heal supplied - e„(r, - r,)- 1.11(1073 - 5801) - 547.1 U/kg 
Gas lurbine cycle efficieocy > 102.2/547.1 - I8.7K 


(ii) The steam cycle is shown in Fig l7.S(b). From lablei or fi-s chert: 

6,-3248 U/kg. 6,-k.-l38IJ/kg 
Ji,..2!73kJ/kg 

A, - A, - 08(3248 - 2173) - 860kj/kt 
l.e Workoulput.-W-SOOU/kg 

The heal to be supplied in the steam generator is given by; (A| - Aj) - 
3248 - 138- 3110 kJ/kg therefore, if the heal issup^ied front an external fuel 
supply 

Steam cy^ eilicieiKy - 860/3110 • 27.7% 
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povrer ntiot in Ihc range 2-3. TbeK ijnenis ire suiuble fo( complete bulldlnp 
such 11 hotels, hospilils. coDeges. swinuoiag-pooLs, end other public buildings. 
The power generator cm be Unhed to the eleetric grid so thit power tniy be 
purchised if demiod esceedt ibe cipiGiiy of Ibe unit, or told to the grid if 
desnind fiUi. In Ibe UK the 198} Eiseiigy Act rnide possible the tile of electricity 
to the aitionil grid lod led to the rai^ development of such schemes. 

The engines used ire iodustriil oil eoguies or automotive engines idipied 
to run on ntlunU gis. Heat It transferred to water from the eo^ne cooling 
jtckei, from the engioc oil cooler, and from the engine eihiust gases; a typicil 
■yiietn is shown in Fig. I7.d. 


rig. I7d Typical 
Micro>CHP ^em 


Exhsvn 

to 

dnaey 


EH 

Eharie 

lesnvor 


EofiBe 


Low$itde 
bet water 


Lubnealdht^ 




Hifh-pude 
bM water 


Example 17.2 A large bold hat a maximuD demand oF 90 kW of power asd 240 kW of 
heal for $peee beating and hot waier. Ii is decided to use tlx miero^HP 
usita nmoiiig on natural gaa, each developing IS kW of power and each 
with a heal outpui of 40 kW. The jacket and oil cooling systerni provide 
ihennd energy esuivaleni lo 10% of ihe fud energy input, and the exhausi 
cooler provides tberina] energy equivaSeni lo $5% of the fuel energy input. 
Water enters each ei glne ai 30 *C and leaves at 83 *C Taking the speeidc 
heat capadty of water as 4.18 kj/kg K. and the calorific value of natural gas 
as 38.5 Mi/m *• cakulaie: 

(i) the rate of volume Flow of aalunl gas used; 

(ii) the overall efficiency of the system; 

(jii) the macs flow rate of water avaUable at 85 *C 

Sofvtfon (i) E^h engine provides 40 kW of thermal energy which is made up of 10% 
from the jacket and oil coolers, and 55% from the exhausi heat exchanger 
Hence, for each engine 

40 

Fuel energy input - - 61.« kW 
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2. Wbtn but it provided ceotnlly it mint be metered accurately; tystema io 
which Aats are metered at a whole aod each Sal holder payi a proportion 
UUK probknit ;a tyttem o( accurate metering of each houiehold it eapeotive. 

3. For hating, private consumeri have become uted to having a choiM of fuel 
and when and where to but: there it an io-buili resittance to hating tyttemt 
which arc impoted from Ibe local adminietration. 

4. The upilal coel. and neceiuiy upbuval, of laying water maint for bating 
throughout an exiiiingcity it a mayor factor: previout uperience of corrosion 
in maint hat alto led to fean of apeoiivc mainienaoa. 

Mott Europun countriu have developed dialrict haling on a ttep'by'ttep 
batu: initially lodJvidual boiler houea provide hating only for tmall diiiricttt 
power ftations are then built and Ibe teiler ttalions are graduafly thut down 
kaving tome (or ttaod-by hating; Bnally hat eaebangen arc added in the 
power stationa to supply the whole network. Ona a complete system it in 
operation new cuttomert can be added by utending the pipework. 

A typical ctampk of a latge>scale CHP sebeme with diitrict heatibg is that 
of The Hague in The Neiberlandt. A diagrammatic arrangement of the plant 
is shown in Fig. 17.7. Power b provided by two gat turbioe units, oeb developing 
73 MW. and a steam turbine anil abo developing 2S MW; the thru electric 
generalore are identical for ease of maiolenaiice and contioL The ethausi from 
each gas turbine passes throu^ asleam generator aod water buter; additional 
bating of the water b provided by Meed steam &om tbe exit of the HP turbine. 
The foilowiog example b based on ibe data from The Hague scheme. 


Fig 17.7 
Du^ruamatic 
represenutioa of & CHP 
pJaoc at Tbe Hague^ 
?VAlMrlaaib 
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iberefore 


r4- 1286-a$S(I2S6-690.95) >7«}.21 K (507.21*0 
Then Ncl |as power oulpul From each lurbine 

_ iA,{l.n(ia6- 780.21)- l.005(M«.76 - 288)} 


therefore 

A, - I3I.0k8/> 

it. Airflow rale into each compretsor ■ 121 kg/i 

Fi(. 17.9 PUoi (ii) For the sicam cycle (ihowo diagnuDmalically in Fi|. 17.9|a) and on a 

tfapm (a) tod neani ^ in Fit 17.9(b)). we have, from (he k-s chan; 

turbiM prooBU oo ao 

*-» chan (b) tor A,-3M2U/k< Aj, - 2l07kJ/ki 

Eiample 17.2 




therefore 

Aj - 234} - 0.8(2)43 - 2107) . 23S4 kj/kg 
A ilraight line can now be draam on the chart joining pointi 1 and 3. Where 
(hii line cuts (be 2 bar pteature Hne fixes the point 2, 

ue. A, • 286S ki/kg 

Let the loui steam flow required be 'A.kg/s, then 
Power output from steam 

_ _ ak.OSA) - 2865) + (lA. - I7M 2865 - 2354) 
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lii. = 35.39 kg/s 

Le, Mus flow rale of steam Kquired = 35.39 kg/s 
fiii) To find the beat supplied to ibe witer of itae distiicl healing system from 
the gas turbine exhaust gases it is necessary first to calculate the heal received 
by the steani in the generatois; to do this we require the temperature of the 
IM water entering the boiler at sute d. 

Applying a heal balance to tbe mixing preeeu alter the condenser we have 

((35.39 - 17) a I04fi} +(17 a 505)= 35.39 a It, 
where h,mk, at 25 *C-104.8 U/kg and It, = It, at 2bar = 505 kJ/kg 
therefore 

fit = 297U/kg 

Then Total heat supplied to steam in both generators 

- <fi,(h, - h«) = 3539(3343 - 297) 

- l07798kW 

The gas turfame exhaust gas enters tbe dthnney at 83 therefore we have 
Total beat supplied by exhaust gases 
-2a m, X 1.11 x|l.-g3) 

-2 a 131 a l.ll x(5072I -83) 

- 123369 kW 
Hence by difference 

Heal supplied to dsirict healing water by gases 

- 123369- 107798= 15.57 MW 

The heal supplied to the districl beating water in the steam heal exchanger is 
given by 

ak,(A, - h,) - 17(2865 - 505) - 40.12 MW 
Le. Total beat supplied for district heating 

- 15.57 + 40.12- 55.69MW 

(jv) Mass Dow of water for districl healing 
-55690/43(115 -75). 331.5kg/a 

(t) Tlie overall efEeieivcy is given by the lota) power plus heal supply divided 
by i)k thermal energy supplied by the fuel 

Heat supplied by fuel in Ibe gas turbine cycles 
_ 2 a ifc, a eJT, - T,) 

0.98 

2 a 131 a 1.11(1286-646.76) 

098 
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- 189.7 MW 
ThereTore 


Overall cfRckncy 


(3 ■■ 2S)+ 5S.69 
189.7 


-68.9% 


En«rgy from wa«to 

One of the outcomes of a developing energy programme over recent years has 
been the renewed inleiesi in using municipal, induslrial. hospilal. and 
agricultural waste as a source of heat eoergy. While esploilalion of this resource 
in the UK has been slow there arc some nolahle examples of successful refuse 
Incineration heal-recovery plants at Edmonton (see ref. 17.4). ShdDcld.and 
Coventry. Small-scale indneratioo plants with beat recovery are also becoming 
more common particularly in hospitals Solid waste has to be disposed of and 
collection and disposal isexpensive,sothe bnancial return possible from burning 
the waste to give a useful supply of energy b worth considering. The nature of 
the waste material brings its own problOTs when used as a fuel since waste is 
highly heterogeneous and on combuslion produces corrosive gases. Tbb 
introduces resuietive design criteria not pttsent in the design of boilers and 

ancillary equipment for plani using conveotional fuels 

Another source of energy from waste b the methane generated when waste 
decomposes in a landhll site. For further information on thb and other 
energy-saving waste disposal schemes consult reference 17.4. 


17.4 Energy management and energy audits 

Lnergy-conuimini systems must be eUcctively managed. Supplies should 
he abundant, of low cost and safe to handle. Each energy-consuming 
system should be designed in the beginning with dTicicni energy objectives for 
the must economic manufacture of products or healing service. Coveminenis 
should have national piriicies involving those of cities, towns, etc. and. in turn, 
each company, public or private building should have complenieniacy energy 
ptdicics. A well-designed system will indude a means of monitoring the energy 
demand and the supply and dbtribuiion so that it can be adjusted to operate 
In selected values of the main parameters which will usually be the temperatures 
at the mam points in the system. This requires the services of technologists in 
the design and operation of energy systems who will require a knowledge of 
ihermodynamics. heat and mass transfer, fuels, fluid flow, systems analysis, and 
control. Some of these topics are dealt with in other chapters in this book and 
the remainder will be touched upon in this and later sections. 

Most energy-using systems and buildings could be made more eflicient 
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Tabfel73 FuaUaod 
lubricatini oili used fbr 
the traittpon for 
CompaQy A indudiAg 

garaging 


Energy 





latemol 

delivery. lUlT 

Cott/|£| 

Poro(/(btre) 

LabcktiU 

Eleciridiy/(kWb) 




Vchide fmk$ 

Loftd/funnel 





Anolher audit wouM be made for Ibe imnepon used by the company as shown 
in TaMe I7J. 

TaUes 17.4 and t7.y should be completed monthly and comparisons can 
then be made between the months and across the yean. Changes should be 
esplained and any corrective action taken to reduce Tuel consumption. Such 
action may involve improving the maintenance standards, checking control 
equipment and level settings, rnodifying idant or operation control, installing 
new plant, changing ^ocess metbods, installing more meters, etc. 

Table 17.6 gives some energy values for difleient fuels and useful conversion 
factors for the kinds of calculations covered in this chapter. Energy values vary 
with the quality of the particular fuel and the values quoted are representative 
examples only. The values quoted here are taken boa reference 17.8. 


Table I7d Energy 
values and conversion 

faclois 


Energy source 

Energy coatenl 

Coal 

Aorhtaoie 

Good bilununous 

Average laduttriaJ 

Poor industrial 

330n) MJ/ionne 

3001)1) MJ/losoe 

28000 MJ/loane 

21000 MJ/loane 

Oilltctalive density) 

Gu (01351 

Light 10535) 

Medium (095) 

Heavy (097) 

456aOMJ'ioa6e 

4)500 MJ/ionae 

4)000 MJ/loene 

42600 MJ/ionne 

Gas 

North Sea 

3L5MI/m’ 

Conversion factors 


1 Blu a 1055 kJ 
IBlu/ft‘-5?.2S9U/m> 
lkWh-3.«M] 
lilt-04536 kg 

1 imperial gallon - 4.5461 

1 iheno ■ 100000 Btu 

1 therra « I0S.S06 Mi 

1 tonne • 1000 kg 

1 ton a 1.016 toeuie 

1 lheno;lOQ« IOi.8}9kJ/kg 
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in degree days cannot be separated due to the fluciuaiions in demand. If the 
mcideotal heating is oot equivaJent to IS K (he degreC'day method will be less 
reliable. Heat losses and hence fuel coosumpdon s are alTecied by oi her in Huences 
such as prevailing winds, humidity, solar radiation, cloud, fluctuating demands, 
thermal capacity, etc By Ihdr nature degree days need to be used with caution 
in calculating fuel consumptions and cannot be used to forecast weather 
conditions. 

Cxampla 17.4 A central heating boiler>house provides steam for both the process and 
space'heaiing requirements of a factory com^i. The boilers are flred with 
gas oil costing £3/GJ and run at an average cffidency of 71 The monthly 

fuel consumptions and corresponding degree days |D days) referred tn 
I5.5*C for a prevtous period areas given in Table 17.8. 


TabhlTJ Data for 
Example 17,4 


Monih 

Consumption/( GJ | 

D days 

20'year average 
D days 

s 

12040 

102 

M 

o 

13 ICO 

(36 

17] 

N 

NA- 

300 

286 

D 

17460 

370 

360 

J 

NA 

370 

379 

F 

(7000 

350 

343 

M 

NA 

312 

320 

A 

NA 

215 

23S 

M 

12600 

132 

156 

j 

NA 

60 

79 

j 

NA 

21 

48 

A 

10600 

30 

2527 


NA • not available 


Recent modihcuiions at ibc factory have included the iasUUatiuD of a 
new process coosuming 1000 GJ steam/month and the insUlletion of an 
economuer to increase the boiler efikieacy to 75%. 

Using the degree days as being applicable lo all space heating loads, state 
any assumptions made and detennioe: 

(i) the eipccied annual fuel consumption of the modified factory; 

(ii) the maximum monthly fuel consumption of the modified factory; 

(iiil the payback period in yean for the economizer if the capital cost is 

C40000. 

Solution A graph of the fuel consumption in gJgajoules against the recorded degree days Is 
drawn as shown in Fig. 17.10 and gives a base load at aero degree days of 
10000 OJ/month which is a mcajuie of the process energy required. The slope 
of the graph gives a space beating betor of 20GI/D day. The actual energy 
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F%. I7J0 Oil 

COIlSUBiplion I|MDS1 

De|R« dijif for 
Ex«mple 174 



rcquirancou taking inlo acccMI the boiler eflKieacy of 71% are at foUowe: 
Space healing factor * 0.71 x 20 * 14.2 GJ/D day 
Baieload-a?! x 10000 - 7IOOCJ;inoDth 
Baee load Ibr Ihe new proceas > 7100 + lOOO = 8100 Gi/mooth 
and for a new boUer effi d cn c y of 75% the new fuel consumption will be 

For the base load - = 10800 GJ/month 

a75 

For space heating = = 18.933 GJ/D day 

The pnqected annual figures are based on the 20-year average degree-day 
figure quoted: 

(i| The annual consuoiplion ■ 12 mooilis X l0800GJ/month 
(base load space +2527 Odays x 18.933 CJ/D days 

heating) - 129600 + 47844 

- 177444 GJ/annum 

(ii) The fuel corBumptioo is al a maximum in January. Therefore, 
Maximum monthly fuel consumption 
- 10800 +(379 X 18.9331 
• 17976 CJ/month 

(lii) The saving! to be eipected from fitting the economiier al £40 000 are 
based on tbe existing cost of fuel al £3/CJ. The energy consumption required 
for the new base load al Ihe original planl eflldebcy of 71% would be 
12 X 8100/0.71 - I3690I OJ and for Ihe space healing, based on the original 
space beating hclor of 20 GJ/D U 2527 x 20 - 50540 GJ. Therefore 

Energy saving - 136901 + 50540 - 177444 
— 9997 GJ/annum 
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Fit. 17.13 H«ai 
recovery from a 
swimmin^'pool uiint a 
heat pump and a 
plate*fin heal eichinief 


Fig. 17.14 Heat pump 

for dehumidiheation 
and heaiint 


thus heating it. while cold air from ouuide ia healed by flowing across 
matria B before eoteriog the bmldiog. After a period of time the darnper positions 
are aliered lo that shown in Fig, 17.12(b); air from the building is now 
driven across mairii B thus hearing it up again, while cold air from ouuide 
passes across matrix A codiog it down again and being heated in the process. 
The effect is to heal the ouUide air coetinuouily. and the system is known as 
a double*accumulator regenerative heat exchanger. The advantages are in the 
large surface area to volume ratio for the heal transfer, and the self-cleaning 
property due to the continua] Dow revenaL A noi>*metalljc matrix with a 
desiccafit coating can be used to reclaim the enthalpy of vaporization of an air 
stream with a high relative hunudity. 

The heat pump (see section IA1) is partkularty suited to energy recovery, 
frequently in combination with a ruo^rouod coil or other form of heat exchanger 
(see for example the swimming'pool hall heaUag lyslcm shown diagrammarically 
i n Fig. 17.13). Another use for the heat pump In energy recovery is as a combined 
healer and dehumidifier for wann damp air in rooms such as laundries and 
kitchens, and Id buildings where damp is a problem (e.g. certain older types 
of housing projects). A typical compact uoil is shown diagrammatically in 
Fig. 17J4. 
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17.S Til* technology of onorgy Mv*r>9 


Fig. I7.t6 Heal pipe 



&irrounding 
flwd «i 
If « '« 



View on A A 


mum$ ju a liquid via an aonuUr wkk. A lypicaJ air*(o*air hea(*recovery lystcm 
using a bank of heal pipes b shown in Fig. 17.17. For a complete treatment 
see reference 17.10. 


Fig. 17.17 Bank of 
finned hesi pipes for 
ajr*t(Hair heal recovery 


CoUair 




fipti 


Pinch technology 

Pinch technology, or process (Atcgroijon. 1$ the name given to a technique 
developed by Professor Linnhof and co'worken (reference I7.n) (o optimize 
beat recovery ia large coreplei planis with several hot and cold streoms of 
fluids. To iilusiraie the basic principle take a ease of a plant whh two hoi 
streams and two cold siieams, as diown in Table 17.9. Tbe hot sireams can be 


TsUs 17.9 Data for 
four fluid aircoirvi 


Siream 

number 

InitiaJ 

loap 

Final 

temp. 

Mass flow 
rale 

SpeeilK 
heat cap. 

Heal cap. 
rate 

Rale of 
enthalpy 
increase 

CCl 

rci 

(kl/il 

lU/kfK) 

IkW/K) 

IkW) 

1 

»5 

65 

100 

1.00 

2,0 

'2K0 

2 

ITS 

75 

3J) 

1.25 

4.0 

-400 

3 

45 

ISO 

375 

aso 

3.0 

•f405 

a 

105 

155 

300 

1.50 

45 

±m 

-so 
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1 .Masimiziog ihc cocigy recovery of Rash steam, vapour, and condensate. 
}. Preveniiog energy hw due lo steam kakage. 

4. Enturisg that lagging is of the economic Ibicknest throughout, see Fig. 17.20. 


Fig. I7J0 Economic 
UiKknns of insulation 



5. Separating air out ofsteam systems autocnatically tomasimizc heal transfer. 

6. Use of eflicieni steam traps. 

7. Ensuring combustion equipment is mainiairtcd and is operating at the 
correct air-fuel ratio. 

g. Checking that all co mpr e ss ed air equipment is operating uirhout leakage. 

9. The seleclkm of good lifting lo suit the Illumination required (see 
references 17.12 and 17.131 

la Ensuring that electric tooiors are matched to the duty required, that 
ekctncal transmission losses am kept lo a minimum, and that a high power 
factor is maintaioed. 

For a more oomprcheiisive trealmcnl of energy efficiency reference 17.4 
should be consulted. 


17.6 Alternative «nergy sotirMS 

Fossil fuels supply a very high percentage of the world's energy needs at present, 
but there arc two main reasons why aliemaiise sources of energy am required 
for the future: first, the production of gases such as carbon dioxide is causing 
d worsening of the greenhouse cffcci, and them is a general risk lo the ecosystem 
from the other gaseous products of combustion: secondly, the earth's supply 
of fossil fuel IS finite. 

The pmeni system of power production from fossil or nuelear fuels is highly 
developed and there is a high potential energy from a given mass of fuel. In a 
hydroelectric scheme for example. Ihc equivalent mass of water required for the 
same energy output requites a scry large~scak stniclum to store and handle 
the water. Collection, storage, and distribution are other factors lo he taken 
into account (see references 17,(4 and I7.1S). 

Some of the possible aJiernativt energy sources are briefly discussed in the 
following sections. 
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Solar energy 

The earth Rceivee energy directly Irom the sun. Ii is sileni, ineshaustible, and 
DOD-polluung The means of ctdlecilng and distributing solar energy are known, 
but the cost is about 1*10011011 of conventional ekclncily generation. The sun's 
rays fiU on 'coUeciors' which ate mirrors and reflect the rays to a central 
receiver. It is necessary for the collectors to be able to 'track' the sun to ensure 
a continuous maiimum reception. Solar energy can be used on smail-scnle units, 
and even in the UK solar heating panels are being Tilted into the roofs of 
houses and other buildings to contribute about !0% of the uaicr-heaiing loud. 
An increasing number of buildings art being designed usmgpassive solar heating 
le. a positive use of glazing conservatories, etc. in south-facing walls with fans 
distributing hot air into the interior of the building In other, sunnier, countries 
the use of solar healing it more widespread. The application to large power 
plants is likdy to be slow. An ambitious study has been made of usiog a solar 
satellite which is conrinuousty in direct sunlight to collect the energy, convert 
It to eleciriciiy and direct a microwave beam to a receiver on earth where it 
would be reconverted to electricity. The cost of such a scheme is likely to 
prohibit its realization. 

Three expenmestal solar power stations have been erected in Almcria, Spain, 
one of 1000 kW and two of 500 kW rating 'The irradiation density is about 
I kW/m’ and ibe locality has JOOOh of sunshine per annum. The 500kW 
station has 93 collectors or heliostais which are computer controlled, each of 
them having 12 mirrors directed to reflect sunlight over the year into the receiver 
which IS mounted on a tower 43 m high. 'The collector consists of a bank of 
tubes behind which is a ceramic wall that absorbs the radiation passing the 
tubes, amounting to about 5%, and serves as a beat store which is insulated 
to preveut loss. Liquid sodium is circulated through the receiver lubes where 
the temperature is raised to 530'C and ihen through the steam generator to a 
cold storage tank before reluming to the receiver a1 270’C for healing. The 
steam dnves a steam turfrine which drives the power generator. At the reoeiver 
ihetbennal output b 2.7 MW. the mass flow rate of sodium is 7.34 kg/s. Sodium 
is used because of its good beat transfer properties and ils ability to be stored. 
Thus the plant handling the sodium b compact. 

It b anticipated that in some areas the solar power station should compete 
with oil. but perhaps not with large coal or nuclear stations. However, there 
areareasinihe world, asm the developing countries, where convemionnl power 
stations are less likely to be chosen and the solar station could be very attractive. 
In the UK sunshine hours are about 1500 per annum in comparison with 
3000 h annum dsewhere (see references 17.15 and 17.161. 

In some parts of the world the sea temperatures are such that at the surface 
readings of 24-32 *C are measured and at depths of 300-400 m temperatures 
of 4-7'C exist. This temperature gradient b a source of power. A builer plant 
using propane or ammonia under hi^ pressure is required, the hoi water heating 
the boiler and the condenser situated In the cold water. The potential power 
by this means is very high, about 300 times the world's present power 
consumption, but the associated engineering problems have to be overcome 
which includes iraiumiiimg the power developed to the land. 
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requirecneots plus the cost of decommissiooing the etistiog ageing Magnox 
rcacion cast serious doubis on ibe economic viability of nuclear power. 
Although (here arc increasing environmental worries over (he use of fossil fuels 
(e.g (he greenhouse effect, acid rain, etc.), the greater worries over nuclear 
radiation leaks and (he possibility of a catastrophe similar to Chernobyl have 
swung public opinion firmly against the proliferaliDn of nuclear power stalions. 

In (he early 1990s elect^ty generating sources in the UK art as follows: 
76.4% coal: I7J% nuclear fuel; 6J% oil: 0.1% hydro, but the privatization 
of electricily has led to a rapid increase in the use of natural gas in combined 
gas turbine and sieam turbine power stalions; generation by wind is less than 
1 CW h but is also cspecied to grow rapidly. 

In a nuclear power plant the reactor and heal exchanger take the place of 
the conventional hotter, and the steam generated is then expanded through a 
convcnlional turbine. In the Magnox reaclors, which arc now reaching the end 
of their safe working lUe and are being shut down, the fuel used is uranium 
clad in a magnesium alloy (Magnox). with a low neutron absorption. The core 
it made of graphite and (he coolant used it carbon dioxite The second 
generation of reaclors in the UK is Ibe advanced gas-cooled reactor (AGR), 
using fuel of uranium oxide clad in stainless steel 

A simplified sketch of a gat-cooled reactor b given in Fig I7JI. The core 
of the reactor consuls of a moderating materia] |e.g carbon), which slows 
down the neutrons in speeds which will give coolroUed fission. The boles in 
the core carry (lie fuel elements in suiulrie casings. Through some of these 
holes are passed control rods which are made of a maleriaJ which wUI absorb 
oeutfOQS Afid $o coflUol (be rale et whieb tbe reecUoo lakea place. Tbe fuoctJoa 

of the refiector b to bounce back escaping oeuirons into the core, and the 
shietdingu to prevent iransmissioa of harmful panide rediaiion, such as land 


Fig 17.21 Diagram oT 
a gas-cooled reactor core 



720 



































Probltnu 


particles, and y radiation. The nhole of the reactor vessel is surrounded by 
ihieldioi ol sled and concrete. The coolant to the reactor, carbon dioxide, 
removes heat continuously from ihe core and then passes through ihe heat 
exchanger where steam is generated. In Ihe ACR the heal exchangers and 
Ihe carbon dioiide circulators are uiuated inside ihe pre-siiessed concrete 
pressure vessd so lhai Ihe carbon dioiide it completely contained within 
the pressure vessel 

In the 1980s the decision was taken in the UK lo move to pressurued water 
reactors (PWR h but to far only one it under construction at Sizewell in Suffolk. 
The PWR b fuelled with uranium dioxide dad in zircaloy.an alloy of zirconium, 
and Ihe moderator b water at a pressure of 154 bar. A simpIiRed diagram of 
a PWR it shown in Fig. 17.22. 

Fora full treatment of nuclear power consult reference 17.19. 


Fig. 17.22 Diagram of 
a pressurized water 
reactor IPWRi 


Problems 

17.1 A combined power plant comasu of a gas turbine unit and a sieaiD tuibine unit. The 
exhaust gas from the opeo.cycle gu lurbioe n Ihe supply gas lo Ihe steam generator of 
the steam turbine cyde at whleh additional fuel Is burned in the gas. The prsuure ratio 
for the lurbsoe b 7J, the air inlet lempcraiure b I5*C and the maximum cycle 
lempcreture u 730*C Combustion in ibe steam gencraior raises the gas tenipersture 
to 750‘C and the gas lenres the geoesaios to the ebunney at lOO'C Steam is supplied 
to the steam turbme at SO bar, 600 'C. and the condenser pressure is 0.1 bar. 

The bentropsc of the air compressor, gat lurbioe, end steem turbine are 

13%, 86%, and 85% re^ectivdy. 
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Taking I.M U/kg K aad 7 m 1 . 3 } foe ibc C 4 >mbiuc»n pm. and naglfiCTiog the 
effect of Uie mae» flow rate ol fwcL feed-pump work, and alf preuure lowes, calculate: 
0 ) the reqiund Sow nia of ur and iteaa foi a toiaJ pow-er output of 200 MW; 

(n) the power output of eart uoii. 
liti) ibe ovenU efftdency of the ^aau 

tS«k|;t. l»2k|/e;64.lMW. 133.9 MW; 39.SH) 

17A ps turbine plant coaiista of a eompreuoT with a pressure ratio of 10 . a eombusiloa 
cbarnher, and a turbine mounted 00 the tame shaft as the conprenor: the nei eleotricti 
power of ihe unit k 20 MW, The tnlei air coodhiont are 1 Al3 hat and 13 *C and ihe 
raaiimum cyde cemprature ia 1 100 K. The exhaual pm from the turbine are pasted 
through a heat eadianpr to heat water for space heating before puiing to the chimney; 
by this means waur it 00 *C flewtng at a cite of 2 x 10* kg/h is huied to 80 Utini 
the further data below and oegfectini ibe mass Oow rate of fuel, calculaie: 
til the temperature of the gam leaving the lurtdie; 
hi) the mau flew rate of air entering the unit; 

Imi the lempriture of Ihe gam eniering the Chimney; 

tiv| the eterill efBetency of ihe systoa deflocd as the uieful energy output divided by 
the energy input from the fud. 


Dm Combined iMchanica] and cfecthal efRcieticy of gas turbine unit, 90%: combustioa 
efficiency, 99%; beniropk dBcseiiey of air compressor. 80 %; isentropie effieieney of gas 
turbine. 83%: pressure drop in combushon chamber. 0.20bar; pressure drop of gam 
in heal eichanger. 0 . 1 5 bar: pressure drop bi chiauie). 0.05 bar; speciffc beat capacity 
and 7 of combustion gases. 1.15 kJ /kg K and 4/3; mean speciAc beat capacity of water, 
4.191 U^kgK. 

(4^3.9*C; 240 kg/s; 263 * C; 30%) 

174 A leisure centre has ao electrical demand of 100 kW and a beat requirement of 190 kW 
which is currcniJ} supphed tuiBg poetr from the grid and a boUer burning gas with aa 
efliciency o<80%. It is proposed 10 iosiafl a mkroOfP system of two gas eogines each 
producing 40 kW efectrkal power and a beat output of 95 kW; the overall efficiency of 
each engine is 90%. Under the new systCD the esceas powti requirements will be met 
from ihe grid. Assumog that the eon of elccUKity is four limes ibai of natural gas. 
calculate ihe percentage saving in fuel cost In changing 10 the new system. 

(4a4%) 

17.4 A CHP piaai consuls of a ps lurbioe umi the eabausi pset of which am used to raise 
iitam in a steam geoeraior; the gam featring the steam pneraior then pis through 1 
heat eichanger 10 heat water (or space heaitng before entenog ibe ebiraosy. fn the steam 
cycle iicam is bled offal an inrenncdiaie pressure and pssed to i de-arntor/open*recd 
heater; the water feavtog ibe heater is saturated at tbc bleed prcuurt. Using the data 
below and negfecting the mas flow raie of fuel feed-pump work, and all thermal and 
pressure tosses not lisicd beio*. cakulaie: 
iMihe required mass flow rate of steam; 
tii) ihe loot power output; 

thil Ihe overall efficiency defined as the total uicful energy output divided by ihe fuel 
energy input 

Oera Cms lurbuu ryefe: preuure ratio for air eonpreasor. 12; air inlet conditions. 1.013 bar 
siul IS*C: maiimirm cycle temperalure. 1000'C. isentropic efficiertcy of compressor, 
83S; isentropic effictenc) of turbine. S 6 %; power output. 22 MW; pressure drop in 
combuilion cha mber. 0 22 bar: pressure drop in generator a nd bea 1 eichanger com bi ned. 
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I7J4 Plant 
diogrua for 
Problem P.6 



it receives addidonsl beating from (he cngiae coolonl aod lybnaition circuits before 
reeeising beat from (he engioeexbausi gai. Ifibe exhauic gas U lo be cooled lo ISO'C 
and tbe water is required at 90'C calculate: 

(i) the healing available for ibe water; 
la) the rareeffio* of hot water. 

(oi) the ratio of the heal available lo tbe fue! energy supplied: 

liv) the coal advantage lo (be eogine/heal pump proposal over direct healiag in an 
oil'fired water boiler of 80*/a cf6cKocy. 

1319.6 kW. 0.954 kg/s; 1.68; 110) 


17.6 An office buddreg b apace healed belweeo October and April (ioclustveL The degree 
days and ibe correspoodiBg fud consiampiioas in units of 1000 hires for iwo consecuiive 
yearn are shown in Table ITM. In beiwten the two seasons the heating plant was 
modereued and iimilalion work was earned out which cost £27000. The cost of fuel 
was 22p/Ihre when ibe costing was donft Plot the fuel consumpllon/degree^ay 
characterisika for ibe two seasons and calculate: 

(il ibe average fud consumptions for ihe two seasons in liires per degree day; 
lb) the saving to be expected per aonum based on ihe average degrcc*day Agurea for 
Ihe duirici ubiUaied. Cor ihe same mooibs. over a ZO-year period; 

(ib) (he period of w p aymeot for ibe cofl of the modificallons. 

{63 liires, D day. 50 liires/D day; C13 046: 2.07 years) 


Table 17.11 Data for 
Problem 17.9 



Oct 

Nov 

Dw 

Jan 

Feb 

Mar 

Apt 

Total 

First year 

Degree days 
Fud/dO^ litre 1 

ns 

14.S 

290 

24.0 

320 

26.S 

2M 

233 

275 

230 

300 

25.0 

200 

16.5 

1840 

152.8 

Second year 
Degree days 

Fud/110' litre 1 

no 
■ 2.0 

240 

110 

220 

11.0 

2SS 

11J 

290 

145 

315 

IS.8 

215 

108 

1775 

K8.9 

20 >)tar average 
Degree days 

133 

243 

301 

338 

306 

273 

303 

1797 


725 
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